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Abstract 
A new method for reconstruction of sediment-transport pathways based on granulometric 
parameters is proposed in this study. This is an improved method of grain-size trend analysis 
(GSTA) employing principal component analysis (PCA), and is termed P-GSTA herein. Comparing 
to previous GSTA methods, there are two main advantages of this method: applicability into 
depositional environments under compositive transport processes, typified by tidal environments, 
and independency from variation of original grain-size composition of source sediments. 
The characteristics and procedures of the P-GSTA method are following. A linear function in 
which six granulometric parameters (median grain-size, coefficient of variance, skewness, kurtosis, 
and mud and gravel logratios) are summated with different weighting factors was used to infer 
sediment-transport direction (sediment-transport function), whereas the previous GSTA methods 
considered only three parameters (mean-grain size, sorting, and skewness) with equal weighting. At 
first, the zero values of mud and gravel contents are replaced, and mud and gravel logratios are 
defined. Then, all values are standardized. After these preliminary procedures for statistical 
processes, PCA is conducted for automated determination of the weighting factor of each 
granulometric parameter. Each principal component is then interpreted, and the sediment-transport 
function is chosen from them. The trend vectors are calculated based solely on the interpolated map 
of the scores of the chosen principal component as the two-dimensional gradient of this value. 
The P-GSTA method proposed in this study was applied into the two modern microtidal coasts. 
First example is a sand flat along the Kushida River Delta, central Japan. In this area, 
sediment-transport pathways reconstructed by this method was in accordance with the actual 
sediment-transport patterns, which were recognized by field experiments using tracer sediments and 
geomorphologic observation, while the results of previous GSTA method was inconsistent. In 
addition, this method also revealed other minor depositional processes on the sand flat, namely, the 
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deposition of fluvial-channel lags and muddy particles. The P-GSTA method was also applied to a 
microtidal sand-flat along the Obitsu River Delta, Tokyo Bay, Japan, revealing that this method 
combined with cluster analysis is effective to reconstruct sediment-transport patterns in depositional 
environments in which multiple sediment transport processes co-exist. PCA and k-means cluster 
analysis clarified the existence of two different sediment-transport processes: dispersal of 
fluvially-supplied sediment and constant wave activities. To summarize, P-GSTA successfully 
reconstructed sediment-transport pathways in both cases, although the clustering method was needed 
for the complicated depositional environment. 
The numerical simulation verified the general applicability of the P-GSTA method, focusing on 
the influence of the initial grain-size distributions of sediments provided from the source regions. 
The multiple-sized sediment-transport model was employed for calculation of grain-size segregation. 
In this model, diffusion equations approximate sediment-transport processes. This numerical model 
qualitatively reproduced the downcurrent variation of granulometric parameters observed in a 
natural environment, and it was revealed that the original grain-size composition of source 
sediments strongly influences the downcurrent trend of each parameter. In contrast to the result that 
the previous GSTA method did not show universal applicability for all types of the composition of 
source sediments, P-GSTA method automatically detected the appropriate sediment-transport 
pathways irrespective of the differences in the original grain-size composition of source sediment, 
suggesting the general applicability of the method. 
In conclusion, this study proves that P-GSTA method proposed in this study is widely applicable 
and potentially a powerful tool to reconstruct sediment-transport patterns not only in modern 
environments but also in ancient depositional environments, where depositional processes and 
source-sediment composition are unknown. Application of this method to the boring cores and 
outcrops will be a fruitful challenge for adding a new tool to the geological studies.
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1. Introduction 
Depositional systems are consequences of sediment dispersal from their provenances. 
Progressive and selective transport of grains differentiates lithofacies deposited in different 
sedimentary environments (Swift et al., 2003). Especially in coastal environments, sediment supply 
and distribution pattern of transporting processes (wave, fluvial, or tidal currents) play a major role 
in producing a unique collection of shoreline geomorphology, offshore bathymetry, and sediment 
distribution pattern in addition to the geometry of the area and the type of the depositional 
environment (Tanner, 1962; Liu et al., 2000). The size-selective transport process of sediments 
results in downcurrent variation of the sediment grain-size distribution. Therefore, spatial variance 
of bottom-surface grain-size distribution patterns can be an important clue in reconstruction of 
sediment-transport pathways, which is important in the coastal engineering and environmental 
preservation. 
Many researchers have attempted to identify spatial variations of granulometric parameters, 
which have been referred to as 'grain-size trends', associated with net sediment-transport pathways 
(Le Roux and Rojas, 2007). It is because methods to reconstruct sediment-transport pathways from 
the granulometric patterns are inexpensive and easily available comparing to direct measurements of 
sediment movement. In addition, there is a possibility that ancient sediment-transport patterns can be 
reconstructed by applying the method to subsurface sediments. Early studies suggested that 
sediments become finer in the direction of transport (e.g., Pettijohn and Ridge, 1932; Self, 1977), 
while other investigations have indicated the opposite trend (e.g., McCave, 1978; Nordstrom, 1981, 
1989). In order to address this multiplicity, McLaren and Bowles (1985) discussed the combination 
of three parameters (mean grain-size, sorting, and skewness) based on flume experiments and 
statistical calculations. They concluded that sediments always become better sorted during transport, 
whereas the mean grain-size and skewness vary with specific combination patterns (FB−: finer mean 
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grain-size, better sorting value and more negative skewness, or CB+: coarser mean grain-size, better 
sorting value and more positive skewness). Gao and Collins (1992) applied their theory to 
two-dimensional data of grain-size distribution at inner bay environment. In their method, 
sediment-transport pathways were reconstructed by comparison of three parameters between every 
adjacent sampling point. This approach proposed by Gao and Collins is called grain size trend 
analysis (GSTA), and has been applied in a variety of depositional environments (Gao and Collins, 
1992; Pedreros et al., 1996; Cheng et al., 2004). 
It has been reported, however, that there could be a serious discrepancies between the GSTA 
model and actual sediment-transport patterns (Asselman, 1999; Masselink et al., 2008). This is 
probably because grain-size trend does not always follow the assumption of McLaren and Bowles 
(1985) especially under compositive transport processes. The grain-size trend due to sediment 
transport can vary due to the depositional processes, environments, and sediment provenances. 
Therefore, trend vectors may not be accurately calculated in GSTA method even if only one 
parameter does not follow the supposed trend. Indeed, Flemming (1988) disputed that sorting value 
should always improve during transport. In addition, it seems problematic that the GSTA model 
equally considers only three parameters, and completely ignores other parameters representing 
sediment composition, such as kurtosis, mud/gravel contents. In order to solve these problems, 
Rojas et al. (2000), Rojas (2003), and Rojas and LeRoux (2003) proposed a model that combines 
four grain-size parameters (mean grain-size, sorting, skewness, and kurtosis) into a linear 
granulometric facies function with different weighting factors. These weighting factors are modified 
incrementally and iteratively for comparison to actual sediment transport directions measured from 
bedforms or naked-eye observations, so that the error between the observed vector and the generated 
vector is minimized in their model. This method can detect the optimum weights of granulometric 
parameters, but requires detailed observational data of existing sediment transport patterns, and thus 
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vitiates above-mentioned advantages of grain-size trend analysis. 
Other problems in the previous GSTA methods are involved in validation methods. Difficulty in 
validating the GSTA methods is that the sediment-transport trends vary depending on the time scale 
of the observation. Sediment-transport pathways of daily processes such as fair-weather waves can 
contradict with those of monthly or yearly transport processes such as storms or slope failure events. 
Thus, the time scale of the field observation has to be specified in order to validate the method for 
reconstructing sediment-transport pathways. The time-scale of sediment-transport patterns estimated 
by any GSTA methods is defined by the sampling interval (Gao and Collins, 1992). Subsurface 
sediments in shallower interval can be entrained and transported by waves or currents, whereas 
deeper part of sediments are “historical” layer that was already fixed and is not entrained by the 
surface processes. 
To this end, the present study employs principal component analysis (PCA), a multivariate 
analysis, for the purpose of treating multiple grain-size parameters with appropriate weightings. 
Principal component analysis is a technique for explaining the correlation between explanatory 
variables and automatically organizing these parameters into a few linear synthesis variables with 
different weights. The weight of each parameter depends on its variance (Davis, 1986; Middleton, 
2000). In other words, the parameters that exhibit substantial changes in a certain region are heavily 
weighted, and those showing small variances are less heavily weighted. It is reasonable to regard 
this spatial variation of grain-size parameters as resulting from the sediment transporting processes. 
Therefore, it can be expected that the parameters that strongly reflect the sediment transport are 
emphasized by PCA. Hereinafter, we call this new method of GSTA employing PCA as P-GSTA 
method. 
To reconstruct the on-going sediment-transport patterns, sampling depth should be assigned to 
thickness of the active-layer of the bottom surface sediments (Fig. 1-1). The active layer is a concept 
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proposed by Hirano (1971), indicating the top layer of the bottom-surface sediment which 
continuously exchanges sediments with the water column (Fig. 1-1). Thus, grain-size variation of 
bottom-surface sediment accompanied by sediment transport occurs within this layer (Hirano, 1971) 
(Fig. 1-1). It should be noted that the thickness of the active layer varies with time under 
non-uniform flow conditions in natural environments; it generally becomes thicker according to the 
time-development of the probability distribution of burial and re-exhumation as functions of depth 
below the surface (Ribberink, 1987; Armanini, 1995; Parker et al., 2000) (Fig. 1-2). Even if the 
active-layer thickness can be recognized, the corresponding time-scale (days, weeks, month, or 
years) is still uncertain. Therefore, there is no assurance that the observational data employed for the 
validation coincides with the time-scale of the sediment transport reconstructed by GSTA methods. 
The author solved this problem by direct measurement of active-layer thickness. For the application 
of the new method, at first, the author chose a microtidal sand-flat along the Kushida River Delta, 
Ise Bay, central Japan as the study area (Fig. 1-3). This microtidal sand-flat is almost natural 
environment without breakwaters or dams, and is therefore suitable for observation of sediment 
transport. Then, the multiple sediment-transport processes and their temporal and spatial evolution 
are clarified based on the subsurface sedimentary facies. Thirdly, the active-layer thickness and net 
sediment-transport directions in a certain time scale are monitored by tracer experiments and 
geomorphological observation. Finally, sampling for GSTA methods (P-GSTA and previous GSTA) 
are conducted with accordance to the active-layer thickness, and their results are validated with net 
sediment-transport patterns which were measured in the actual field. As a result, P-GSTA proposed 
in this study successfully reproduced the actual sediment-transport patterns, whereas the results of 
previous GSTA models were inconsistent. In addition, the existence of other detailed depositional 
processes on the sand flat was inferred from the PCA. 
Next, the application of P-GSTA method into depositional environments in which more than two 
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sediment-transport processes co-exist is examined. P-GSTA is more flexible method than previous 
GSTA methods, but it can be applied on environments in which only one sediment-transport 
function dominates. PCA cannot solely detect multiple sediment-transport functions, which are 
shared only by specific group of elements, because functions detected by PCA represent common 
trends of entire elements. To deal with these situations, the combination of P-GSTA method with 
cluster analysis are proposed, taking an example of microtidal sand-flat along the Obitsu River Delta, 
Tokyo Bay, Japan, in which two different sediment-transport functions are recognized. 
Furthermore, the general applicability of the P-GSTA method is verified by numerical simulation, 
focusing on the influence of the initial grain-size distributions of sediments provided from the source 
regions. Grain-size composition of source sediment has a considerable effect on the physical 
processes and the shape and size of the depositional system (Orton and Reading, 1993). In addition, 
the differences in sediment mobility attributed to the grain size of sediment particles make various 
types of geomorphology and sediment-transport pattern even under the comparable depositional 
processes. For example, shoreline morphology and wave propagation pattern (dissipative or 
reflective) is strongly influenced by the grain size of sediment particles (Wright et al., 1979; Short, 
1979; Wells and Coleman, 1981a, b; Rine and Ginsburg, 1985; Orton and Reading, 1993). Therefore, 
it is highly possible that spatial variation of grain-size parameters is also varies depending on the 
grain-size composition of source sediment. However, the differences resulting from the variation of 
source sediment have been neglected by previous GSTA methods. 
The numerical model is therefore proposed herein for the simulation of spatial variation of 
grain-size parameters in response to a variety of the grain-size composition of source sediment. The 
PCA is conducted on the resultant grain-size parameters to confirm whether sediment-transport 
functions can be appropriately calculated. As a result, PCA automatically detected the appropriate 
sediment-transport function independent from the differences of source sediment, while previous 
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GSTA method cannot represent sediment-transport directions depending on the source-sediment 
composition. 
In conclusion, the flexibility of P-GSTA method, which is based on the spatial variance of 
granulometric parameters as a result of grain-size selective dispersion, is represented. This method is 
effective under compositive transport processes, in which the sediment-transport function is difficult 
to be estimated, and its result is not contingent on the grain-size composition of source sediment. 
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2. Geomorphology, sedimentary facies, and granulometric characteristics of the sandy tidal 
flat along the Kushida River Delta 
2.1. Introduction 
Intertidal environments are important depositional settings that have significance for 
understanding the interplay of the biological and physical aspects of sediment transport (Widdows 
and Brinsley, 2002; Paarlberg et al., 2005). The deposits within these environments are valuable for 
hydrocarbon exploration (Walker, 1992). Numerous studies have attempted to discover the sediment 
transport and depositional mechanisms in tidal ﬂats and estuaries, and have suggested that a range of 
forcing factors, such as tidal and fluvial currents and wave activities, governs the geomorphologic 
development and transportation of sediment in intertidal regions (Dalrymple et al., 1992; Reading 
and Collinson, 1996). Previous tidal-ﬂat sedimentation studies tended to focus upon 
mesotidal–macrotidal regions (e.g. Reineck and Singh, 1980; Dalrymple et al., 1990; Alexander et 
al., 1991; Wang et al., 2001; Yang and Chun, 2001). In contrast, in most areas along open oceans, 
such as the Pacific coast of the Japanese islands, the tidal range is small and generally regarded as 
being microtidal (Dalrymple, 1992). However, even in the areas facing open oceans, tidal influences 
are increased in inner-bay environments where wave energy is dissipated, and therefore form tidal 
ﬂats in microtidal regions (Dalrymple, 1992; Sakakura, 2004). Wave action, in addition to tidal and 
fluvial currents, plays an important role in the development of geomorphology and sediment 
transport (Malvarez et al., 2001; Nakajo, 2004; Yang et al., 2005). Consequently, these aspects of 
microtidal ﬂat development are more integrated as constructional phenomena than in the macrotidal 
environment, but microtidal ﬂats have not been sufficiently studied in spite of their commonness. 
To this end, we focused on the microtidal sand-flat along the Kushida River Delta, Ise Bay, 
central Japan. In this chapter, as a preliminary step to the reconstruction of sediment-transport 
pathways, the sedimentary processes and their temporal and spatial transition were clarified based 
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on the subsurface sedimentary facies. Furthermore, granurometric characteristics of the sedimentary 
facies were revealed. 
The author’s publication (Yamashita et al., 2009) follows the main content of this chapter with 
additional data and discussions. 
 
2.2. Geomorphological characteristics 
The headwaters of the Kushida River are in the Daikou Mountains, and the river flows eastward 
to the lowlands, where the river assumes a northerly flow and forms a delta that flows into Ise Bay 
(Fig. 1-3). The catchment area of the river is approximately 461 km
2
. The Japan's Ministry of Land, 
Infrastructure, and Transportation (MLIT) reports that the fluvial discharge is 33.9 m
3
/s. The delta is 
lobate or arcuate and is classified as fluvial dominated or complex fluvial-wave-tide dominated 
based on the classification of Galloway (1975). 
The tidal range monitored on the left bank of the Kushida River (36˚36'0"N, 136˚33'45"E) is 
approximately 2 m during a spring tide (microtidal). Wave heights have been measured at the river 
mouth (34˚22'16"N, 137˚07'40"E) and the enclosed section of Ise Bay (34˚55'12"N, 136˚44'25"E) 
(MLIT). Measurements by MLIT in 2002 at the river mouth showed that waves occur with a period 
of 5 to 10 s, and they are 1–2 m in height but rise to 4–5 m in height during typhoons and winter 
storms. In the investigated area, waves mainly washes from northeast throughout a year, but they 
also washes from northwest or north-northwest during winter seasons (Nakajo, 2004). Tidal residual 
current is mainly from northwest to southeast in the southwest part of Ise Bay (Coastal 
Oceanography Research Committee The Oceanographic Society of Japan, 1985) (Fig. 1-3). 
Typhoons have struck this area less than five times per year in 2005 to 2011 (measured by Japan’s 
Meteorological Agency [JMA]). 
The geomorphology of the Kushida River delta is classified into four components: (1) spit, (2) 
8
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salt marsh, (3) muddy tidal ﬂat, and (4) tidal sand ﬂat (Fig. 2-1). 
(1) Spit      The spit extends northwest from Matsunase Harbor and branches into several 
components. The spit is composed by well-sorted medium- to coarse-grained sand. Branching 
channels from Kushida River flow behind the spit (Fig. 2-1). These channels are 20–30 cm in depth 
and transport medium- to very coarse-grained sand including granules or pebbles. 
The aerial photo taken by MLIT and Google Inc. illustrates the historical change of the spit from 
1975 to 2011 (Fig. 2-1). In 1975, the spit located at ca. 200 m off the present location (2011), and it 
had relatively straight shape (Fig. 2-1). Until 1983, the spit had retrogradated and curled convex 
toward the landward side (Fig. 2-1). The retrogradation and bending curvature of the spit have 
continued up to 2004 (Fig. 2-1). The apex of the spit has curled and been elongated toward southeast 
from 2004 to the present (2011) (Fig. 2-1). 
(2) Salt marsh      Salt marsh lies mainly on the landward side of the spit and is composed of 
muddy sediment and soil containing abundant organic material (Fig. 2-1). Sediment coarsens toward 
the fluvial main channel (Kushida River). 
(3) Muddy tidal flat      Muddy tidal ﬂats are on both the landward side of the spit and the left 
side of the river, adjacent to the salt marsh (Fig. 2-1). The sediment consists of mud or poorly sorted 
sandy-mud including gravels. Small scale washover fans are observed on the muddy ﬂat. Burrows of 
crustacean are very common, and mud flat sediment and coarse sediment of washover fans are 
intermixed by their benthic activities. 
(4) Tidal sand flat      The microtidal sand-flat spreads in front of the spit on the right bank of 
the river mouth (Fig. 2-1). Its maximum area during ebb spring tide is approximately 0.4 km
2
 (Fig. 
2-1). The offshoreward development of the intertidal sand flat is the most prominence around the 
river mouth and the southeast part (beside the Matsunase Harbor) (Fig. 2-1). Primary 
geomorphologic features on the sand flat are sand-bars and braided channels, and no tidal channels 
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are observed (Figs. 2-2–2-4). The sand-bars are 60 to 100 cm in height and 50 to 100 m in 
wavelength (Fig. 2-1). They are arranged almost parallel to the shoreline and normal to the 
wave-incoming direction (Fig. 2-1). Breaking waves are found on the crest of these sand-bars, and 
waveripples are abundant on their surface (Fig. 2-3). The migration of these bars have not been 
observed from 2002 to 2011 (Nakajo, 2004; Yamashita et al., 2009). Braided channels are observed 
intermittently on the sand flat around the river mouth (Fig. 2-4). Their depth is approximately 20 to 
30 cm. These channels are temporary branching streams from the river. They are generally produced 
by floods, and frequently migrate and vanish. There are very few muddy particles on the sand flat, 
except for soon after a fluvial flooding event (Nakajo, 2004; Yamashita et al., 2009, in press). 
 
2.3. Subsurface sedimentary facies of the tidal sand flat 
We extracted 26 cores (C-01–26) using Handy Geoslicer sampling tool (Takada et al., 2002) on 
the tidal sand-flat (Figs. 2-1 and 2-5). Sampling was conducted during ebb spring-tides from May 
2008 to October 2010. We recognized the following three sedimentary facies in the excavated 
subsurface sediments of the sandy tidal-flat based on the sediment components and sedimentary 
structures: sand-bar deposit (Facies A), channel-fill deposit (Facies B), and fluvial-flood deposit 
(Facies C) (Fig. 2-5). 
 
2.3.1. Facies A: sand-bar deposit 
Description      This facies consists of a 30–60 cm thick fine- to medium-grained sand layer 
(Fig. 2-5). Sediment in this facies is well sorted, and shows a weakly coarsening-upward trend or 
appears massive (Fig. 2-5). Faint parallel laminae can be observed, and bioturbation is relatively 
weak. Shell fragments are common, but no plant debris is observed. Facies A is continuously 
distributed below the cuspate bars in the seaward area of the tidal flat. It ranges from 0 to 90 cm 
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interval in offshore cores (e.g. C-04 and -26) (Fig. 2-5). On the other hand, this facies is only 
distributed near the surface in nearshore cores (e.g. C-21 and -25) (Fig. 2-5). 
Interpretation      Facies A is interpreted to be a deposit of sand-bars. Facies A composes the 
surface of the sand bars that is transitional to the subsurface deposits. Sediment on the surface of the 
sand bars slightly coarsens from trough to crest, and thus the coarsening-upward trend observed in 
Facies A can be explained as a consequence of bar migration. Faint parallel lamination may be 
attributed to intermittent migration. Sand-bars on tidal flats are persistent over several years even 
through typhoons as a result of the suction dynamics of pore water (Sassa and Watabe, 2007, 2009), 
and they migrate crest-normally in very slow velocity (in the order of less than 1.0 cm per day) 
(Yamada and Kobayashi, 2008). Therefore, they probably migrate on time scales of the order of 
years or decades, even though almost no bar-migration was observed in these several years 
(2002–2011). 
 
2.3.2. Facies B: channel-fill deposit 
Description      This facies consists of fining-upward, fine- to coarse-sand layers of 20–30 cm 
thickness (Fig. 2-5). The base of the layer tends to be clear and erosional. The sediment is poorly 
sorted, and occasionally includes granules and pebbles (Fig. 2-5). Shell fragments and mud lenses 
are present. Bioturbations is generally weak or absent. Facies B can be recognized in intervals 
deeper than 30 cm in nearshore cores (e.g. C-18), and reaches to the surface in cores collected in the 
vicinity of the river mouth (e.g. C-19, -20 and -22) (Fig. 2-5). Offshore cores do not exhibit this 
facies (e.g. C-04, -24 and -26) (Fig. 2-5). This facies is often overlain by Facies A with a gradual 
transition (Fig. 2-5). 
Interpretation      Facies B is interpreted as a channel-fill deposit transported by fluvial 
currents. Facies B has a fining-upward trend, which is a typical characteristic of channel-fill deposits. 
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The depth of braided channels and branched channels behind the spit roughly matches the thickness 
of the fining-upward core successions (c.a. 30 cm). Therefore, Facies B is considered to have been 
deposited by these fluvially-influenced channels. 
 
2.3.3. Facies C: fluvial-flood deposit 
Description      This facies consists of a 2–20 cm thick layer of mud or muddy sand (Fig. 2-5). 
Abundant organic matter such as plant debris is present. Facies C is typically intercalated in the sand 
layers of Facies A or B, showing a lenticular or tabular geometry (Fig. 2-5). The uppermost and 
basal surfaces of this facies are sharp contacts. Facies C is broadly distributed in the subsurface of 
the tidal flat in intervals deeper than 30 cm, but it is often laterally discontinuous (Figs. 2-5 and 2-6). 
Interpretation      Facies C is interpreted as a fluvial-flood deposit because it contains 
abundant terrestrial organic matter. It has been observed that the tidal flat was often covered by a 
massive mud layer containing plant debris when the Kushida River flooded (Yamashita et al., 2009, 
in press). Most of the mud layer on the sandy tidal flat was removed by waves or tidal currents soon 
after the flood episode, but some remained in partially protected places such as the troughs of sand 
bars. Therefore, it is inferred that this muddy sediment can be preserved as the lenticular layers of 
Facies C in the subsurface sediment of the sandy tidal flat. 
 
2.3.4. Three-dimensional distribution of sedimentary facies 
Shore-normal transects (Line 1 and 2 in Fig. 2-6) indicate centered distribution of channel-fill 
deposits (Facies B) in the near-shore area. It reaches up to ca. 500 m offshore (C-06 and -07) in 
intervals 30–50 cm in depth (Figs. 2-1 and 2-6). The distribution of channel-fill deposits (Facies B) 
ranges from 0 to 90 cm in depth in the cores near the river mouth (e.g. C-05 and -25). Their upper 
reaches become deeper with distance from the river mouth both in normal (northeast) and lateral 
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(southeast) direction to the shoreline, and is overlain by sand-bar deposits (Facies A) (Fig. 2-6). 
Fluvial-flood deposits (Facies C) show laterally-discontinuous distribution patterns (Fig. 2-6). 
 
2.4. Granulometric characteristics 
2.4.1. Method of grain-size analysis 
Samples for grain-size analysis were collected from the cores at 5–10 cm vertical intervals. The 
grain-size distribution of sand-sized particles in samples was measured by the settling tube method 
(Gibbs, 1974; Tucker, 1988) after removing mud-sized (> 4 φ) and gravel-sized (< −1 φ) particles by 
sieves. Shell fragments were also removed before measurement. Grain-size distributions were 
calculated using S-Tube software (Friedman et al., 1992; Naruse, 2005). The conversion method of 
the settling velocity of grains was applied by Ferguson and Church (2004) using an empirical 
formula for natural sand. 
Each of the granulometric parameters (mean grain-size, sorting, skewness, and kurtosis) were 
generated by the moment method (Folk, 1966; Harrington, 1967) as follows: 
 
 (1) 
 
   −                                             (2) 
 
    
                                            (3) 
 
   
                                             (4) 
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, where d is the representative value of each grain-size class (in increments of 0.1 φ) and p is the 
weight fraction. Mud and gravel are evaluated as weight percentages (mud and gravel contents). The 
value of coefficient of variance (CV) is also employed as a representative of degree of sediment 
sorting. CV is the dimensionless sorting value divided by mean value, calculated as follows: 
 
                                      (5) 
 
The vertical transitions in grain-size distribution, mean grain-size and CV in typical core 
samples (C-09 and -10) were illustrated (Fig. 2-7). The relationships between mean grain-size and 
other parameters in all the samples were plotted in scatter diagram (Fig. 2-8). Note that statistical 
values except for mud and gravel contents were calculated only for the sand-sized particles. This is 
justified because the whole distribution in most of the samples settled in the sand-size range (–1–4 
φ). Samples collected from Facies B and C, however, contained a significant amount of gravel or 
mud. Therefore, samples considerably including mud- or gravel-sized particles (> 20%) and samples 
from Facies C were excluded from the scatter diagrams except for mud and gravel contents (Fig. 
2-8). Samples collected at intervals within a transition between Facies A and B are also and 
excluded (Fig. 2-8). 
 
2.4.2. Results 
Vertical change of grain-size distribution      Grain-size analysis revealed that Facies A and 
B are well characterized by their tendency towards a grading of mean grain-size. The mean 
grain-size values of surface sediments identified as Facies A (sand-bar deposit) are almost uniform 
around 2 φ. Subsurface sediments identified as Facies A are characterized by weakly 
coarsening-upward or ungraded (massive) successions, and also have a mean grain-size distribution 
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around 2 φ (Fig. 2-7). On the other hand, Facies B is characterized by distinctly fining-upward 
successions, and has a mean grain-size distribution around 1.0 φ at its base (Fig. 2-7). 
Fining-upward successions in Facies B are generally overlain by Facies A with a gradual transition, 
but 5–30 cm layers of Facies C, indicated by a mud content of more than 10%, are occasionally 
intercalated between Facies A and B (Fig. 2-7). 
Sorting and CV value      It was clarified that the CV values best classify Facies A and B. 
Almost all of the samples collected from Facies A have a sorting of less than 0.8, while samples 
taken from Facies B have a sorting of more than 0.5 (Fig. 2-8). Thus the sorting values of both facies 
overlap across this range, implying that it is impossible to discriminate between Facies A and B only 
based on the sorting value. However, by taking note of the relationship between mean grain-size and 
sorting, samples from Facies A and B can be differentiated clearly in scatter diagrams where mean 
and sorting values are plotted along the horizontal and vertical axes respectively (Fig. 2-8). Samples 
from Facies A will fall in the upper-left region of the scatter diagram, whereas samples from Facies 
B will fall in the lower-right. These distinct areas of the plot can be divided by a straight line with a 
gradient of 0.4–0.5 (Fig. 2-8). Actually, the scatter diagram of mean grain-size vs. CV value shows 
relatively better segregation between them as threshold CV = 0.45, although some samples are 
overlapped (Fig. 2-8). 
Skewness value      Samples from Facies A tend to show lower value of skewness (Fig. 2-8). 
However, most of samples are overlapped in the range between −1.5–2.0, and samples from Facies 
A and B cannot be distinguished (Fig. 2-8). 
Kurtosis value      Samples from Facies A tend to show higher value of kurtosis (Fig. 2-8). 
However, most of samples are overlapped in the range between 0.25–1.0, and samples from Facies 
A and B cannot be distinguished (Fig. 2-8). 
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Mud and gravel contents      Samples from Facies C show high mud content, 10–25%, 
whereas samples from Facies A and B have less than 10% (Fig. 2-8). Many samples taken from 
Facies B have high gravel content, 5–50% or more, whereas gravel is almost absent in samples from 
Facies A and C (Fig. 2-8). 
 
2.5. Discussion 
2.5.1. Temporal and spatial distribution of sedimentary facies 
Limited distribution of channel-fill deposits (Facies B) in the offshore cores (e.g. C-06 and -07) 
in intervals deeper than 30–40 cm indicates fluvial influences in the past (Fig. 2-6). Their surfaces 
are overlain by sand-bar deposits (Facies A), and this indicates wave influences in the recent several 
years or decades (Fig. 2-6). Contrastingly, the cores around the river mouth (e.g. C-05 and -35) 
indicates an overall fluvial influence from the surface down to a depth of c.a. 90 cm, and this means 
that this area has been influenced by fluvial processes until present (Fig. 2-6). The intervals 
influenced by waves get deeper, and thus older, from northwest to southeast, indicating the fluvial 
influence gradually weakened from southeast to northwest with time (Fig. 2-6). 
The interpretation of the three-dimensional distribution of sedimentary facies is consistent with 
the known geomorphologic development of the Kushida River Delta. The spit extending from 
Matsunase Harbor have retrograded and curled convex toward the landward side (Fig. 2-1). The 
retrogradation of the spit advanced faster in its root (southeast area of the sand flat) than its apex 
(northwest are) in the period from 1975 to 2004 (Fig. 2-1). As the retrogradation of the spit 
advanced, the sites C-08–11, which were situated behind the spit or close to the shoreline in 1972, 
become to face Ise Bay. Therefore, fluvial influences around there were probably weakened by this 
retrogradation (Fig. 2-1). Near the river mouth, in contrast, fluvial sediments may be supplied until 
the present (Fig. 2-1). It can be explained by this processes that the fluvial influence on the tidal flat 
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progressively interrupted from seaward to landward and, as an additional feature, southeast to 
northwest, but more detailed discussions require the determinations of isochrone surfaces in each 
core. 
 
2.5.2. Indicator of the degree of sediment sorting 
The author suggests that CV value represents degree of sediment sorting far more effectively 
than sorting values that have been traditionally used. Such values have been used in many previous 
grain-size analyses as an indication of the dispersion of the grain-size components. For instance, 
Friedman (1961, 1967) suggests that grain-size distributions in dune, beach and river sand can be 
differentiated on the basis of their sorting values. It has also been suggested that these sand deposits 
in each sedimentary environment can be characterized by three granulometric parameters: mean 
grain-size, sorting and skewness, and these parameters have often been used. However, occasional 
difficulties arise in using sorting value as an index of dispersion. When comparing grain-size 
distributions whose mean values are nearly identical, sorting values are a good index of the 
dispersion of the grain-size distribution. However, sorting values cannot be used when comparing 
grain-size distributions with quite different means because sorting value (standard deviations) has an 
inevitable positive correlation with mean value of distribution. Then, CV needs to be used in general 
sediment evaluation rather than sorting. CV is a dimensionless value, sorting divided by mean 
grain-size, whereas sorting is not dimensionless and thus is inevitably correlated with the mean 
value of the distribution. In the case of this study, it is interpreted that the lower value of CV in 
sand-bar deposit (Facies A) represents deposition under wave winnowing processes. 
 
2.6. Summary 
1. Three sedimentary facies are recognized beneath a microtidal sand-flat along the Kushida River 
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Delta: sand-bar deposit (Facies A), channel-fill deposit (Facies B), and fluvial-flood deposit 
(Facies C). The two main sedimentary processes on the microtidal sand-flat, wave and fluvial 
currents, are clarified herein. 
2. The three-dimensional spatial distribution of sedimentary facies illustrated the spatiotemporal 
transition of the two main depositional processes (waves and fluvial currents). It is interpreted that 
the historical change of geomorphology (retrogradation of the spit) has influenced it. 
3. Grain-size analysis shows that sand bar deposits (Facies A) and channel-fill deposits (Facies B) 
are best discriminated by their value of coefficient of variance (CV) of their grain-size 
distributions. CV is thus expected to be a better indicator of the degree of sediment sorting, than 
the standard deviation (traditional “sorting value”). 
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3. Monitoring of net sediment-transport pathways 
3.1. Introduction 
Net sediment-transport patterns on the tidal sand flat are monitored to obtain validation data of 
the GSTA methods. The monitoring of sediment transport was conducted during a period from May 
16 to July 31, 2011. A fluvial flooding event occurred at July 17–19 in the study area. Therefore, the 
sediment-transport patterns both in normal (calm) condition and in an episodic depositional event 
were examined. The thickness of active layer, which was recognized as the mixed layer of tracer 
grains and natural sands, was also measured. 
This chapter refers the author’s publication (Yamashita et al., in press) in the discussion. 
 
3.2. Environmental condition 
JMA measured the rainfalls at the upper reaches of the Kushida River and the water level off the 
river mouth (Fig. 3-1). There were moderate rainfalls (< 15 mm/hour) during the period from May 
16 to Jun 3. The water level indicates a usual spring-neap-spring cycle in this period (Fig. 3-1). In 
contrast, heavy rainfalls were recorded on Jul 8 (> 45 mm/hour) and July 17–19 (> 25 mm/hour in 
maximum). In particular, the water level soon after the July 17–19 rainfall (Jun 18–20) indicates 
unusually high values during ebb tides (Fig. 3-1). The rainfalls during this period are due to the 
typhoon No. 6 (MA-ON). A fluvial flooding event by these rainfalls was reported by an inquiring 
survey. 
 
3.3. Methods 
Tracer experiments and geomorphological observations revealed net sediment-transport patterns 
on the tidal sand flat. Blue-colored sand was employed as the tracer sediments. The blue-colored 
sand can be clearly identified from natural sand both in naked-eye and microscopic observations. 
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The tracer sediments are well sorted and their mean grain-size is ca. 1.5 φ. The tracer sediments 
were situated at five localities (Point 1–5) at May 16, 2011 (neap spring tide) (Fig. 3-1). GPS and 
marking poles recorded the situation localities. At every locality, the bottom surface sediments were 
excavated ca. 0.3 m square and ca. 0.2 m in depth, and the hole were filled by the tracer sediments 
(c.a. 25 kg) (Fig. 3-2). Two weeks after input of tracer sediments (Jun 3, 2011), bottom surface 
sediments were collected from four surrounding points in ca. 10 m from the localities. Each sample 
was homogenized in a transparent plastic case (8×15 cm
2
 in basal area, and 3 cm in height). The 
basal sediment in this plastic case was scanned at high resolution (2400 dpi). Then, the number of 
colored sand grains in the basal area was counted to estimate volume of surface sediments 
transported toward each direction (Fig. 3-3). 
Mean residual length (MRL) was employed as the proxy of concentration ratio of transport 
directions, which were calculated as follows: 
 
  
   
                                              (6) 
 
, where n is a number of colored grains, and θi is a direction from the source of tracer sediments to 
the sampling locality. Furthermore, the thickness of the active layer was measured after excavating 
sediments at the source points (1–5) (Fig. 3-4). 
Sampling was also conducted two month after (July 31), but tracer grains were not detected. 
Instead, the sediment-transport patterns were estimated based on the observation of the 
geomorphological development (Fig. 3-5). 
 
3.4. Results 
The tracer experiments clarifies the net sediment-transport patterns in the period from May 16 to 
20
 21 
 
Jun 3 (Fig. 3-3). Transport pattern directed to the northeast are observed along the fluvial main 
channel (Point 5) (Fig. 3-3). The degree of concentration (MRL) is quite high (Fig. 3-3). In the 
middle part of the sand flat (Point 3 and 4), southward (landward) transport is dominant (Fig. 3-3). 
The degree of concentration (MRL) is moderate (Fig. 3-3). In the offshore area (Point 2), eastward 
direction of sediment transport is dominant (Fig. 3-3). The degree of concentration is moderate (Fig. 
3-3). At the southeastern margin of the sand flat (Point 1), sediment dispersed various directions (Fig. 
3-3). The northeastward transport is dominant in the number of tracer grains, but the mean direction 
indicates east-southeastward transport (Fig. 3-3). 
The active layer is clearly shown as the mixed layer of tracer grains and natural sands, and the 
boundary with the underlying substratum was sharp (Fig. 3-4). The thickness of the active layer is 
4–5 cm at every point (Fig. 3-4). This thickness roughly coincides with the height of the wave or 
current (combined-flow) ripples on the source points. 
On July 31, 2011, tracer grains were not detected from the samples, probably because they had 
been highly dispersed. Instead, sediment-transport patterns are estimated based on the observation of 
the geomorphological development derived by a fluvial flooding event at July 17–19 (Fig. 3-2). The 
most prominent feature is incision of the spit and formation of braided channels (Figs. 3-3 and 3-5). 
The spit are cut off at two points around its folding point 30–50 m in width (Figs. 3-3 and 3-5). At 
the cutting points, the spit is incised by shallow braided channels (0.3–0.5 m in depth), which are 
connected to the branched channels behind the spit (Figs. 3-3 and 3-5). These channel flows into the 
tidal sand flat more than 300 m offshore (Figs. 3-3 and 3-5). Sand-bodies are deposited on the sand 
flat 100 m off the cutting point (Fig. 3-3). These sand-bodies extend about 100 m in the northeast 
direction, and are ca. 0.5 m in height (Fig. 3-3). They are composed of medium- to coarse-grained 
sands including shell fragments, which are similar to sediments composing the spit and the fluvial 
channels and are clearly coarser than the sediments on the tidal sand flat. This probably means that 
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these sand-bodies are formed by sediments derived from the broken part of the spit and sediments in 
the fluvial channels. Dunes, which are ca. 1.0 m in wavelength and ca. 0.15 m in waveheight, are 
formed in the braided channels (Fig. 3-5). These dunes exhibited the northeastward (offshoreward) 
current directions around Point 3 and 5 (Figs. 3-3 and 3-5). At the eastern part of the sand flat 
(around the Point 1 and 2), muddy deposits are thickly deposited in the troughs between sand bars. 
The thickness of the muddy sediment is 1–3 cm in average, but it occasionally reaches 5 cm. Any 
other notable geomorphological developments are not observed in this area. 
The thickness of the active layer is ca. 8cm at Point 3 (Fig. 3-4). It is not measured at other 
locations because of loss of the marking poles. 
 
3.5. Discussion 
Sediment-transport patterns in a normal condition in a period from May 16 to Jun 31 are 
represented by the tracer experiment. The eastward transport in a seaward area (Point 1 and 2) 
roughly coincides with the direction of coastal (residual) currents (Coastal Oceanography Research 
Committee The Oceanographic Society of Japan, 1985) (Figs. 1-3 and 3-3). Northeastward transport 
at Point 5 clearly coincides with the fluvial downstream direction (Fig. 3-3). The landward 
(southward) transport at Point 3 and 4 can be interpreted as representing a depositional wave 
condition during summer season (Fig. 3-3) (Hayes, 1972). 
The drastic geomorphological development by the July 17–19’s fluvial flooding event revealed 
episodic sediment-transport processes around the river mouth. Fluvial sediments were supplied into 
the sand flat mainly from braided channels incising the spit, rather than from the fluvial main 
channel (Fig. 3-3). The incision of the spit and fluvial sediment supply was also observed at October 
2009 (Yamashita et al., in press). Yamashita et al. (in press) reported the northeastward transport of 
fluvial sediment into the sand flat by this fluvial flooding event. The fluvial sediment is estimated to 
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be supplied into the sand flat disperses by wave or tidal currents during normal conditions. The 
thickness of active layer becomes thicker (ca. 8 cm) compared to that before the fluvial flooding 
(4–6 cm). Bedforms in the braided channels suggest that the thickness of the active layer may 
reaches 15 cm at some locations (Fig. 3-5). These facts probably reflect the high shear stress of the 
fluvial discharge. Yamashita et al. (in press) also reported deposition of muddy sediments by a 
fluvial flooding event at October 2009. This muddy sediment is characterized by massive facies 
without burrows, and interpreted as fluid mud deposit (Yamashita et al., in press). Fluid mud is 
defined as fluid containing highly suspended sediments, and it can be formed by a high sediment 
discharge at a river mouth (Wheatcroft and Borgeld, 2000; Dalrymple et al., 2003; MacEachern et 
al., 2007). Fluid mud flows down into lower zones because of its high density (Wheatcroft and 
Borgeld, 2000; Dalrymple et al., 2003; MacEachern et al., 2007). Therefore, fluid mud deposit is 
thickly developed in local depressions such as troughs between sand bars (Nishida and Ito, 2011; 
Yamashita et al., in press). Most of the muddy sediment by a fluvial flooding event October 2009 
was reworked by wave or tidal processes (Yamashita et al., in press). However, subsurface 
sedimentary facies (Facies C discussed in Chap. 2) suggests that a part of them can be preserved into 
bottom sediments. 
Sediment-transport patterns revealed herein represent one of the typical features of Asian deltas. 
Fluvial sediment discharge during summer seasons is a common feature of Holocene deltas in Asia, 
which are influenced by Asian monsoons (e.g. Staub et al., 2000; Sun et al., 2005; Xu and Milliman, 
2009; Tamura et al., 2010). Along the Mekong Delta coast (south Vietnam), for instance, 
fine-grained sediments are discharged from the river and deposited at the coastal area during 
summer rainy seasons, and most of them are reworked by waves during winter seasons (Tamura et 
al., 2010). This kind of seasonal variation of sediment-transport patterns probably exists in Japanese 
deltaic coasts, including the Kushida River delta. At the Kushida River, fluvial flooding events are 
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only reported during summer typhoon seasons (Jun–October) from 2004 to 2011 (Nakajo, 2004; 
Yamashita et al., 2009, in press). In addition, wave-incoming directions also seasonally change; they 
wash from both northeast and northwest during winter seasons, while they wash from mainly 
northeast during summer seasons (Nakajo, 2004). Long-term analysis might reveal the details of the 
seasonal variation of sediment-transport patterns in the surveyed area. 
 
3.6. Summary 
1. Tracer experiments and geomorphological observation revealed actual sediment-transport patterns 
during a summer season (May to July, 2011) in the study area. A fluvial discharge mainly from the 
braided channels, which accompanied the incision of the spit, supplied sediments into the sand 
flat. It is suggested that they will drift to southward at the middle part of the sand flat, and 
disperse eastward or northeastward by the wave activities during normal conditions. 
2. The thickness of the active layer is more or less 5 cm during a normal condition, but reaches more 
than 8 cm by an episodic depositional (fluvial flooding) event. 
3. High sediment discharge during a fluvial flooding event formed thick muddy layers on the sand 
flat. They are selectively deposited in local depressions such as troughs between sand bars, and 
are interpreted as fluid-mud deposits. 
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4. New method of grain-size trend analysis (P-GSTA) for the reconstruction of sediment 
transport pathways 
4.1. Introduction 
This chapter describes the new method of GSTA using PCA (P-GSTA) in detail. Trend vectors 
were calculated by the P-GSTA method and previous GSTA method (Gao and Collins, 1992; 
Asselman, 1999), and compared to the actual sediment-transport patterns discussed in Chap. 3. The 
author’s publication (Yamashita et al., 2011) follows a part of this chapter. 
 
4.2. Sampling and choice of granulometric parameters 
Bottom-surface sediments on the microtidal sand-flat were collected during the ebb spring tides 
in August 1st, 2011. A total of 60 sampling sites locate at ca. 100-m horizontal intervals both parallel 
and perpendicular to the spit with extension to the river mouth and the northern margin of the sand 
flat (Fig. 4-1). Sediments were excavated by shovel in interval from the top of the bedforms into the 
8 cm below the surface, corresponding to the active layer thickness observed at July 31, 2011. Each 
sample (50–100 g weight) was homogenized before grain-size analysis. 
P-GSTA method employed six parameters (median grain-size, CV, skewness, kurtosis, and mud 
and gravel contents) into sediment-transport function (Eq. 2–5). Grain-size analysis and calculation 
of each parameter were conducted in the similar methods to the Chapter 2. Here, the median 
grain-size (D50) was employed instead of mean grain-size. It is because that median grain-size is 
mathematically independent from the other granulometric parameters, while mean grain-size is used 
in the calculation of CV, skewness and kurtosis. In addition, CV value was employed here instead of 
sorting value (standard deviation). The advantage of CV value compared to sorting value is 
discussed in the Chapter 2. 
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4.3. Interpolation (Kriging) 
Kriging interpolation method was employed to estimate spatial variations of granulometric 
parameters (Burgess and Webster, 1980a, b; Kohsaka, 1998). All GSTA methods have a problem in 
that the estimated trend vectors are potentially affected by the sampling intervals. Asselman (1999) 
solved this problem using Kriging for interpolating observational data sets (Burgess and Webster, 
1980a, b; Kohsaka, 1998). Kriging is an algorithm based on least-squares used to estimate the spatial 
variation of a real-valued function, and assumes that spatial variation can be estimated from a linear 
combination of measured values (Kohsaka, 1998). Weighting coefficients are obtained based on the 
spatial dependence of a variable, which can be represented by a semivariogram, i.e., the scatter 
diagram of covariance with respect to spatial distance (Fig. 4-2). The weighting of the 
running-average is then determined by the variogram model function, which is the fitted function to 
the semivariogram (Burgess and Webster, 1980a) (Fig. 4-2). Theoretically, the covariance of spatial 
data increases with distance and becomes a steady value over some distance (Burgess and Webster, 
1980a, b; Kohsaka, 1999). This limited distance is the range in which the data indicates spatial 
dependence. The spatial dependencies of the data are also shown in the estimation variances, which 
provide a measure of uncertainty in the interpolation values. 
Spatial distributions of eight granulometric parameters (mean and median grain-size, sorting, CV, 
skewness, kurtosis, and mud and gravel contents) were interpolated to a grid interval of 100 m (Figs. 
4-2 and 4-3). Semivariograms are calculated from the measured data, and the variogram models 
were fitted to them by the least-squares method (Fig. 4-2). The estimation error is shown as a false 
color image and the value of the parameter by a contour map overlying (Fig. 4-3). 
Mean and medina grain-size      The interpolated maps of the mean and median grain-size 
show similar characteristics. The coarser sediments (< 1.0 φ) are distributed around the river mouth 
(Fig. 4-3). The grain-size becomes finer radially from the river mouth, and grain sizes finer than 
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1.50 φ are found at the southeast part of the sand flat (Fig. 4-3). The variograms of the mean and 
median grain-size reveal high spatial dependency of them (Fig. 4-2). Therefore, the precision of 
them are relatively high (Fig. 4-3). 
Sorting      The highest sorting values (> 0.56) are found in the central to southeast part of the 
sand flat (Fig. 4-3). The sorting value tends to decrease seaward, but a lower value (< 0.55) is also in 
the river mouth (Fig. 4-3). The semivariogram of the sorting value suggests relatively higher spatial 
dependence (Fig. 4-2). However, the high semivariance in the range of 0 m (nugget effect) indicates 
high measurement error (Figs. 4-2 and 4-3). 
CV      The map of the CV value indicates that higher values (> 0.7) are distributed in the 
river mouth. The CV value decreases to the seaward (Fig. 4-3). The variogram of the CV value 
shows a high spatial dependency (Fig. 4-2). Therefore, the precision of the CV value is relatively 
high. 
Skewness      The higher value of skewness (> 1.4) is mainly distributed in the river mouth, 
and is also found in the northern part of the sand flat (Fig. 4-3). The skewness tends to decrease to 
the southeast direction (Fig. 4-3). The lowest value (< 0.2) is distributed primarily in the 
southeastern margin of the sand flat (Fig. 4-3). The precision of interpolation is low because of the 
anomalous value of the semivariogram in the range 100 m (Fig. 4-2). 
Kurtosis      The higher values of kurtosis are mainly distributed in the river mouth (7.0–9.0), 
and the value tends to decrease to the seaward (Fig. 4-3). However, the high values are also found in 
the southeastern margin of the sand flat. The precision of interpolation is relatively low because the 
variogram indicates anomalous value in the range of 100 m (Fig. 4-2). 
Mud contents      The spatial distribution pattern of the mud contents is quite random, 
therefore the precision of interpolation is very low (Fig. 4-2). Relatively higher values of mud 
content (> 10.0%) are distributed in patches in the northeastern and southeastern parts of the sand 
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flat (Fig. 4-3). 
Gravel contents      Gravels are contained in abundance in the sediment around the river 
mouth (> 9.0%) and decrease seaward, becoming sparse in the southeast part of the sand flat (< 
6.0%) (Fig. 4-3). The variogram shows high spatial dependency of the gravel contents (Fig. 4-2). 
Therefore, the precision of this value is relatively high (Fig. 4-3). 
 
4.4. Data preparation 
Before the statistical analysis, the granulometric parameters should be converted into appropriate 
forms for analysis by conventional statistical techniques. 
Compositional data such as mud/gravel contents are mathematically restricted to application in 
statistical analyses (Aitchison, 1986, 2003; Aitchison and Egozcue, 2005) because these data have 
constant sums and are constrained to the interval between 0 and 1 (0 and 100%). Aitchison (1986, 
2003) proposed instead to evaluate the relative magnitudes of constituents in comparison to other 
compositional variables, and to use logarithms to simplify the computation of the variance and 
covariance. After taking logarithms, the resulting transformed values are free to vary over the entire 
range of real numbers. However, a zero value in the compositional data prohibits log-ratio 
transformation, because the transformed value is −∞, therefore cannot be included in the statistical 
analysis. In order to avoid this problem, a multiplicative approach (Martín-Fernández et al., 2003) 
(Eq. 6) replaces a zero value into a value that is sufficiently small, as follows: 
 
    
   
   
 
    
                       (7) 
 
, where xj is the compositional value, δj is the imputed value on xj, and c is the sum-constraint 
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constant (100%). The modification of nonzero values is multiplicative, as suggested by the simple 
replacement rule. Generally, δj is the maximum rounding-off error, but the range δγ/5 ≤ δj ≤ 2δγ, 
where δγ is the maximum rounding-off error, has been suggested to be reasonable (Aitchison, 1986; 
Martín-Fernández et al., 2003). This nonparametric replacement is stable, i.e., independent from 
both data numbers and component numbers, and retains the original information of the 
compositional data (Aitchison, 1986; Arai and Ohta, 2006). In the present study, mud/gravel 
contents were treated through these two transformational processes. First, zero values of mud/gravel 
contents were replaced by the maximum rounding-off error (0.01%) (Eq. 7). Secondary, the 
dimensionless magnitudes of the mud and gravel compositions are defined as the mud and gravel 
log ratios as follows: 
 
   
     
                               (8) 
 
    
     
                               (9) 
 
, where rj(mud) and rj(grv) are replaced value of mud and gravel contents (Eq. 7), respectively.  
The units, mean values, and standard-deviation values of variables strongly influences the results 
of PCA. To avoid this problem, the following formula standardized all data: 
 
  
   
                                                           (10) 
 
, where mx is mean and sx is the standard deviation of each granulometric parameter  (x), 
respectively. This operation transforms the mean and standard deviation of each variable into 1 and 
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0, respectively. 
 
4.5. Weighting (Principal Component Analysis) 
A new method for defining the linear granulometric function proposed in this study is based on 
principal component analysis (PCA), which is the technique for explaining the correlation between 
multiple variables and accounting for a large value of variance using only a few synthesis variables 
(principal components) (Davis, 1986; Middleton, 2000). 
Let x1, x2, ..., xp be variables, and let z1, z2, ..., zm (m ≤ p) as their respective weighted synthesis 
variables. These synthesis variables are defined as the principal components. Then, we have the 
following:  
 
 
 
 
 
 
 
        
        
        
                                 (11)
                                     
 
Here, the matrix (Li1...Lip) is the eigenvector of the i-th principal component. The m synthesis 
variables have the following two properties: (1) the correlation of every two synthesis variables is 
zero (orthogonal), and (2) satisfies the following inequality for the variances of synthesis variables 
(Var(zi)): Var(z1) ≥ Var(z2) ≥ ... Var(zm). The amplitude of the variance of principal components can 
be regarded as the amount of information in each principal component. The factor loading, which 
represents the relative importance of each variable in the principal component, is defined as the 
product of the root of the eigenvalue and the eigenvector. The absolute value of the factor loading is 
proportional to its significance. 
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4.6. Application 
4.6.1. P-GSTA method 
The new method of GSTA with PCA weighting (P-GSTA) is described herein (Fig. 4-4). As 
described above, this method employs six granulometric parameters (median grain-size, CV, 
skewness, kurtosis, and mud and gravel contents). First, the zero values of mud and gravel contents 
are replaced (Eq. 7), and mud and gravel logratios are defined as (Eqs. 8 and 9). Then, all values are 
standardized (Eq. 10). After these preliminary procedures, the principal component analysis (PCA) 
is conducted using these transformed six parameters (Eq. 11). Each principal component is then 
interpreted, and the sediment transport function is chosen from them. The trend vectors are 
calculated based solely on the interpolated map of the scores of the chosen principal component as 
the two-dimensional gradient of this value as follows, 
 
                                                      (12) 
  
, where F(x, y) is a sediment transport function, and i, j are unit vectors (100 m length) of x, y 
directions, respectively. 
 
4.6.2. Previous GSTA method (Asselman method) 
The previous GSTA model (method of Gao and Collins, 1992 and Asselman, 1993) was also 
applied for the comparison (Fig. 4-5). As described above, the GSTA method is followed by the 
assumption of McLaren and Bowles (1985): sediment becomes either finer, better sorted and more 
negatively skewed (FB−), or coarser, better sorted and more positively skewed (CB+). Then, the 
interpolated data of mean grain-size, sorting and skewness was employed here. After comparing 
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these three parameters of adjacent points, vectors of unit length (100 m) are drawn between two 
points if they satisfy the 'rules' (FB− or CB+). These vectors are calculated from every point with 
respect to the immediate eight neighboring grid points. Summing the vectors at each sample point 
produces a single vector, which is the trend vector of GSTA. 
 
4.7. Results 
4.7.1. Result of P-GSTA method 
The contribution values, which indicate the percentages of the original information represented 
by each principal component of PC1 through PC3, are 56.77, 20.32, and 11.76, respectively (Table 
1). This means that more than 80% of the original information is represented by PC1 through PC3. 
Therefore, these three principal components are discussed further. Kriging interpolation was 
conducted in order to visualize the spatial distribution patterns of PC1 through PC3 scores using the 
same method as for the original granulometric parameters (Figs. 4-6 and 4-7). 
 
4.7.1.1. PC1: sediment-transport function 
Description      PC1 is negatively correlated with the gravel log ratio (factor loading: −0.79) 
and CV value (−0.92), and is positively correlated with the median grain-size (φ) (0.93) (Table 1). 
The skewness (−0.57), kurtosis (−0.58) and mud log ratio (0.65) have relatively weak influences on 
this value (Table 1). In other words, the increase of the PC1 value indicates that the sediment 
become finer, better sorted, and less gravely (Fig. 4-8). This means the selective decrease of coarser 
materials from grain-size distribution (Fig. 4-8). The variogram and interpolated map of the PC1 
scores indicate that the spatial variation of the PC1 is high (Figs. 4-6 and 4-7). The lowest value of 
the PC1 is found around the river mouth, and this value radially increases northeastward (Fig. 4-7). 
Scatter diagram of PC1 values against PC2 values indicates that the samples take wider values of 
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PC1 (from −4.5 to 4.0) than values of PC2 (from −3.0 to 2.0) (Fig. 4-9). Any notable clusters are not 
formed (Fig. 4-9). 
Interpretation      It is interpreted that PC1 reflects the suite of size-selective 
sediment-transport processes resulting in fining-downcurrent trends with a well sorted grain-size 
distributions. The gradual decrease of coarser materials, which is represented by the increase of PC1, 
probably reflects the progressive lowering of bed shear stress of both fluvial and wave activities (Fig. 
4-8). Settling velocity of finer materials is small so that they have higher mobility as suspended 
loads. Therefore the finest fraction of sediments is broadly dispersed downcurrent, producing the 
negative skewness of grain-size distribution. The quite high spatial variation and the radial 
distribution pattern from the river mouth of the PC1 strongly suggest that the PC1 value represents 
the sediment supply from the Kushida River and the dispersal by waves or tidal currents (Figs. 4-6 
and 4-7). Therefore, the decreasing pattern of PC1 can be regarded as the sediment transport 
function. 
 
4.7.1.2. PC2: indicator of lag deposit of a fluvial flooding event 
Description      PC2 is negatively correlated to the skewness (−0.65) and kurtosis value 
(−0.66), and positively influenced by gravel logratio (0.55) (Table 1). Other granulometric 
parameters have only slight influences on PC2 (Table 1). In other words, the increase of the PC2 
value indicates the more negatively skewed and platykurtic shape of grain-size distribution and 
gravely sediment (Fig. 4-8). The higher values of PC2 (1.2–2.0) distribute especially around the 
broken part of the spit and newly formed braided channel on the sand flat (Fig. 4-7). This value 
becomes lower around the river mouth and offshore area (< 4.0). The spatial dependency and 
precision of interpolation is low because of the anomalous values of semivariance in the range of 
100 m (Fig. 4-6). 
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Interpretation      The exclusive distribution of higher PC2 values around the newly formed 
braided channel suggests a linkage to the episodic deposition by a fluvial flooding event during July 
2011. The platykurtic and negatively skewed shape of grain-size distribution indicates that the 
sediments highly contain coarser fractions (Fig. 4-8). The higher gravel content probably represents 
same characteristics (Fig. 4-8). These coarser fractions can be interpreted as lag deposits in braided 
channels. Coarser sediments may have been episodically deposited by strong shear stress during a 
fluvial flooding, and remained through the subsequent reworking by wave or tidal currents. 
 
4.7.1.3. PC3: indicator of muddy particles 
Description      The PC3 is positively influenced by the mud log ratio (0.74) and other 
granurometric parameters show limited influences (from −0.02 to 0.33) (Table 1). This means that 
the increase in the PC3 score suggests muddier sediment. The variogram and interpolated map of 
PC3 show that the spatial dependence of the PC3 is weak (Figs. 4-6 and 4-7). The spatial 
distribution of PC3 is very heterogeneous. Higher PC3 values (> −0.3) are found in the northern and 
southeastern part of the sand flat, and this characteristics of distribution pattern is similar to the map 
of the mud content (Figs. 4-3 and 4-7). The running range of PC3 (from −2.0 to 2.5) is quite 
narrower than PC1 (from −4.5 to 4.0) (Fig. 4-9). 
Interpretation      Very poor correlation between mud logratio and other granulometric 
parameters of sand-sized particles indicates muddy particles are deposited by quite different 
processes from those deposited sandy particles. As described in the Chap. 3, the rapid deposition of 
muddy particles on the sand flat by a fluvial flood event (July 17–19, 2011) is recognized, and these 
muddy particles preferentially remains in local depressions. The heterogeneity of the spatial 
distribution of PC3 value might reflect a relic of mud deposition caused by this event and their 
regional resistance to erosion. 
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4.7.1.4. Trend vector of P-GSTA 
Grain-size trend vectors calculated by the P-GSTA method, in which the increase of the PC1 
value is defined as sediment-transport function, shows reasonable patterns to the actual sediment 
transport patterns described in the Chap. 3 (Fig.4-10). Trend vectors directed to north or northeast 
are dominant along the fluvial main channel and northern part of the sand flat (Fig. 4-10). This trend 
coincides to the net sediment transport directions observed by the tracer experiment at Point 5. 
Northeastward directed vectors are dominated around the broken part of the spit. They coincide with 
the downstream direction of the braided channels formed by the fluvial flooding event July, 2011 
(Fig. 4-10). In the middle part of the sand flat, the vectors are directed to southeast, and they 
approximately coincide with the tracer result at Point 4 (Fig. 4-10). In addition, the vectors very well 
coincide with the tracer result at Point 2, in which they are directed to eastward. In the southeastern 
regions, the trend vectors are directed toward the northeast (Fig. 4-10), which shows slight 
confliction to the tracer data indicating eastward transport (Fig. 4-10). 
 
4.7.2. Result of previous GSTA method 
Sediment trend vectors calculated by the previous GSTA method does not show reasonable net 
sediment transport patterns compared to the result of the P-GSTA (Fig. 4-11). Around the Point 2, 
trend vectors show eastward transport patterns, and they coincide with the tracer result (Fig. 4-11). 
Southeastward vectors found at the middle part of the sand flat (around Point 4) are also reasonable 
to the tracer result. However, landward-directed vectors are dominant along the fluvial main channel, 
and they clearly conflict to the tracer data at Point 5 (Fig. 4-11). In addition, transport vectors are not 
defined along the braided channels and the vicinity of Point 3 because neither FB− nor CB+ patterns 
are satisfied. 
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4.8. Discussion 
The grain-size trend analyzed by the P-GSTA method represents good accordance with the actual 
sediment-transport that are estimated by the tracer experiments and geomorphological features 
observed soon after fluvial flooding events, in contrast to the result of the previous GSTA method 
(Gao and Collins, 1992; Asselman, 1999) (Figs. 4-10 and 4-11). In the result of previous GSTA, 
trend vectors opposite to the fluvial downcurrent direction are produced by the lower sorting values 
in the river mouth (Figs. 4-3 and 4-11). The coarse sediment (lower φ value) in the river mouth 
results in lower sorting value because of the inevitable correlation between mean grain-size and 
sorting value, and therefore sorting values cannot represent actual degree of sediment sorting as 
supposed by the previous methods (see Chap. 2). It is a quite unreasonable result that no trend vector 
is defined around the braided channels despite the sediment transport by a fluvial flooding event in 
July 2011 were actually observed (Figs. 3-5 and 4-11). In the result of P-GSTA, in contrast, 
sediment-transport patterns are better reconstructed especially around the river mouth and braided 
channels (Fig. 4-11). At the Point 3, trend vectors are parallel to the downcurrent direction of 
braided channels, and thus representing sediment-transport direction by the fluvial flooding event, 
rather than during normal conditions indicated by tracer experiments (Fig. 4-11). It is probably 
justified considering sampling depth and timing, which are corresponding to this event. 
The disagreement between trend vectors calculated by previous GSTA method and observational 
data shows that the assumption of McLaren and Bowles (1985) is not approved in this area. This is 
probably because the dominant sediment transport processes are compositive. In contrast, the 
P-GSTA method can detect the unique type of the grain-size trend in each depositional setting, and 
therefore is effective even under compositive transport processes, in which the precise 
sediment-transport function is difficult to assume. The principal component analysis (PCA) can 
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easily explore the characteristic changes of the grain-size distribution curves, which is resulted from 
size-selective sediment transport in a specific depositional setting, by a linear combination of 
multiple grain-size parameters (Eq. 11). The PCA can automatically weight multiple grain-size 
parameters and combine them into a linear function. In addition, the magnitude of the weight is 
proportional to the amount of spatial variation of each parameter (Middleton, 2000). Therefore, the 
resultant linear combination of grain-size parameters summarized by the first principal component 
(PC1) represents the predominant deformation pattern of the grain-size distribution curves in the 
sampling area. In other words, the first principal component can generally be regarded as the 
primary function of size-selective sediment-transport in which a specific grain-size distribution 
curve varies spatially. If some minor transport processes exist, it is expected that the deformation 
pattern of the grain-size curves affected by these processes can be identified by the subsequent 
principal components. In the present study, PC2 and PC3 recognized two minor depositional 
processes (channel-lag deposits and muddy deposits derived by an episodic flooding). 
Although the P-GSTA is a very flexible method, there are a number of precautions that must be 
taken in using this method. The first is related to the selection of the grain-size parameters. If too 
many irrelevant parameters are to be used, the results of the PCA will be meaningless. Parameters 
that have a mathematically inevitable correlation will be erroneously emphasized according to their 
spatial variances. The parameters are preferably dimensionless values that are as independent from 
each other as possible. In addition, the measurement errors of grain-size parameter, which propagate 
through the moments of grain-size distribution, may have to be considered. Thus, careful selection 
of the effective parameters that represent the shape of the grain-size curve is necessary. In the case 
of this study, median grain-size and CV value are employed instead of mean grain-size and sorting 
value, which are inevitably correlated to other granurometric parameters.  
The second precaution is the consistency of sediment-transport function. If more than two 
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sediment-transport functions dominate in a depositional setting, PCA cannot solely detect them. To 
deal with these situations, elements should be divided into some groups based on the similarities of 
grain-size characteristics before PCA. This treatment is discussed in the next chapter (Chap. 5).  
Furthermore, the applicability of all GSTA methods should be verified in various depositional 
environments. GSTA methods preferentially target depositional environments, rather than erosional 
environments. The bottom-surface sediments sampled for GSTA methods should be grains being 
exchanged actively with grains in a bedload layer, not the exposed “historical layer” by erosion. In 
addition, topographical undulation should be paid attention. Masselink et al. (2008) introduced a 
case of failure of the previous GSTA method (Gao and Collins, 1992) on a tidal shoreface, and 
described this failure in connection with the geomorphologic variation: shoreface bars and runnels. 
In a depositional environment in which topographical undulation such as shoreface bars or runnels 
are highly developed, the active-layer thickness considerably varies within a depositional 
environment. Thus, GSTA methods should be applied in the depositional environment where the 
topographical undulation is relatively minor and deposition occurs all over the surveyed region. 
Otherwise, the active-layer thickness should be identified at all sampling locations. 
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4.9. Summary 
1. Principal component analysis (PCA) revealed the grain-size trend on the modern microtidal 
sand-flat along the Kushida River Delta, central Japan. PCA enables multiple grain-size 
parameters to be organized into simple linear function with different weights based on their 
amounts of spatial variation. 
2. The grain-size trend analysis using the results of PCA (P-GSTA) revealed that sediment becomes 
finer, better sorted, less gravely through major transporting processes and reconstructed 
sediment-transport pathways in the microtidal sand-flat. 
3. Other minor depositional processes on the sand flat, namely, the deposition of fluvial-channel lags 
and muddy particles were also recognized by this method. 
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5. Detection of multiple types of sediment-transport functions by combination of PCA and 
cluster analysis 
5.1. Introduction 
P-GSTA is more flexible method than previous GSTA methods, but it can be applied on 
environments in which only one sediment-transport function dominates. In a depositional setting 
that has two different sediment sources, for example, the first principal component of grain-size 
parameters is still representative of the averaged variation of the grain-size trend, but the individual 
transport functions cannot be identified because the original grain-size distributions should be 
different depending on the properties of source regions. In another case, if depositional processes 
clearly vary over locations, more than two sediment-transport functions may dominate in a 
depositional environment. PCA cannot solely detect these multiple sediment-transport functions, 
which are shared only by specific group of elements, because functions detected by PCA represent 
common trends of entire elements. To deal with these situations, elements should be divided into 
some groups based on the similarities of grain-size characteristics before PCA. 
Cluster analysis is therefore employed as a grouping method for identifying the multiple 
processes of sediment transport. Cluster analysis is a method of data classification based on the 
Euclidian (or Mahalanobis' generalized) distance (Murtagh, 1983; Cutting et al., 1992; Everitt, 
1993). This study shows an example of microtidal sand-flat along the Obitsu River Delta, Tokyo Bay, 
Japan, in which two different sediment-transport functions were recognized. 
The author’s publication (Yamashita et al., 2011) follows a part of this chapter. 
 
5.2. Area description 
The Obitsu River Delta is progressing into Tokyo Bay, and associated tidal flat spreads about 8 
km
2
 (Fig. 5-1). The river's headwaters are in the Kiyosumi Mountains, and it flows north-northwest 
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to the lowland, where it assumes a westward direction and forms an arcuate delta into Tokyo Bay 
(Galloway, 1975; Saito, 1991). The catchment area of this river is about 273 km
2
. The delta is 
classified to be the complex wave-tide dominated type on the basis of the classification scheme of 
Boothroyd et al. (1985). Tidal sand flat along the Obitsu River spreads from the river mouth and it 
distributes 1.2–2.3 km from the shoreline and about 8 km along the shoreline (Saito, 1991; 
Uchiyama, 2000). The mouth of the main channel of the Obitsu River had been artificially fixed up 
to ca. 500 m offshore during the period of investigation (July 2009 to July 2010). The tidal ranges 
and the wave heights have been measured at the Chiba Port, where is the enclosed section of Tokyo 
Bay, by Japan Coast Guard. The tidal range is about 2 m during spring tide (microtidal). Mean wave 
heights is 0.5–1.0 m during fair weather condition, but rise to 5 m during typhoons and winter 
storms (reported by JMA). In the study area, waves mainly arrive from the southwest during 
summer season (April to September). During winter season (from September to April), on the other 
hand, they washes mainly from north or north-northwest (Uchiyama, 2000). 
We investigated the intertidal sand flat in the right bank of the Obitsu River (Fig. 5-1). The 
terrestrial part of the Obitsu River Delta is mainly composed of salt marshes and braided channels 
(Fig. 5-1). Salt marshes are composed of muddy sediments containing rich organic matters. Muddy 
tidal flats are distributed adjacent to the branched channels (Fig. 5-1). They are composed of 
poorly-sorted muddy sediment and are intensely bioturbated. The investigated tidal sand flat spreads 
in a fan-like form. The total area of the sand flat ranges to 14 km
2
, but our investigated area is 
restricted into about 5 km
2 
on the right bank of the river mouth (Fig. 5-1). This sand flat is composed 
of fine- to medium-grained sandy sediment. The main characters of this sand flat are sand-bars and 
braided channels (Fig. 5-1). Sand-bars are 50–80 cm height and 40–100 m in wavelength. Their 
crests are arranged nearly normal to the shoreline in the intertidal zone (Fig. 5-1). On the other hand, 
they are arranged almost parallel to the shoreline in the lower intertidal to upper subtidal region (Fig. 
41
 42 
 
5-1). Saito (1991) reported the formation of north directed megaripples, whose wavelength is 20–40 
m and waveheight is 20–30 cm, after typhoons in September 1990. The intertidal sand bars can be 
considered as the remnant of these bedforms formed by typhoons. Wave ripples are abundant on the 
tidal flat, and their crests are arranged almost parallel to the shoreline (Saito, 1991), and they 
coincide with the crest directions of the lower intertidal to subtidal sand bars. Therefore, lower 
intertidal to subtidal sand-bars were formed probably by constant wave processes. The arrangements 
of these sand bars and the fan-like form of the sand flat imply roughly north-eastward dispersal of 
sediments from the river mouth. Braided channels about 50 cm in depth are formed in the troughs of 
these intertidal sand-bars, and coarser sediments and shell fragments are concentrated on the bottom 
of them. Offshore-directed transport of sediments by these channels are observed. Shallow braided 
channels are abundant on the sand flat during low tide. They flow to the offshore direction on the 
most part of the investigated area, but to the northward near the shoreline according to the regional 
altitude (Fig. 5-1). 
 
5.3. Granulometric characteristics 
Bottom surface sediments (0–10 cm) on the microtidal sand-flat were collected during ebb 
spring-tides at July 2009 to July, 2010. A total of 133 sampling sites are situated nearly parallel to 
the shoreline (Fig. 5-1). Sediments were excavated by shovel, each sample (50–100 g weight) being 
homogenized before grain-size analysis. Grain-size parameters were calculated in the same methods 
described in the Chap. 2 (Eq. 1–5). The spatial distribution of grain-size parameters were 
interpolated by using the Kriging method (see the Chap. 4) (Figs. 5-2 and 5-3). 
Mean and median grain-size      The spatial distribution patterns of mean and median 
grain-size show similar patterns (Fig. 5-3). The coarsest grain-size (ca. 1.7 φ) is found around the 
mouth of the branched channel from the Obitsu River, and grain size becomes finer radially (Fig. 
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5-3). The finest grain-size is found in the northern margin of the investigated area (Fig. 5-3). The 
semivariogram of mean and median grain-size shows high spatial dependencies and thus high 
precision of interpolation (Fig. 5-2). 
Sorting and CV       Sorting and CV values show similar patterns of spatial distribution (Fig. 
5-3). The most poorly sorted sediment (sorting > 0.5, CV > 0.3) is found around the mouth of the 
branched channel from the Obitsu River (Fig. 5-3). Sediments become better sorted radially, and the 
smallest values of sorting and CV are found in the northwestern margin of the investigated area (Fig. 
5-3). The semivariogram of them shows high spatial dependencies and thus high precision of 
interpolation (Fig. 5-2). 
Skewness      The spatial distribution of skewness value is almost at random (Fig. 5-3). The 
highest value of skewness (> 0.3) is found at the western part of the sand flat, where 
offshore-directed braided channels are distributed (Fig. 5-3). The semivariogram of skewness value 
shows anomalous value in the short range (50 m), and thus, the spatial dependency and precision of 
interpolation is quite low (Fig. 5-2). 
Kurtosis      The lowest value of kurtosis (<4.5) is mainly found around the mouth of the 
branched channel from the Obitsu River, and it radially increases form there (Fig. 5-3). The highest 
value of kurtosis (> 7.5) is found in the northwestern margin of the investigated area (Fig. 5-3). The 
semivariogram of kurtosis value shows anomalous value in the short range (50 m), and thus, the 
spatial dependency and precision of interpolation is quite low (Fig. 5-2). 
Mud contents      The higher values of mud content (> 3.2%) are distributed in patches ca. 
500 m far from the mouth of the branched channel (Fig. 5-3). The quite low values are found at the 
northern margin of the investigated area and nearshore area (Fig. 5-3). The special dependency and 
precision of interpolation is high (Fig.5-2). 
Gravel contents      Gravel content was zero in all samples. 
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5.4. PCA for the bulk data set 
5.4.1. Methods 
For the purpose of recognition of sediment-transport function, PCA was conducted for five 
granulometric parameters (Eq. 11) (Table 2). Median grain-size, CV, skewness, kurtosis and mud 
contents were employed into PCA, and gravel contents were excepted because all values are zero. 
Mud contents were transformed into mud logratios (Eqs. 7 and 9). All parameters were standardized 
before PCA (Eq. 10). 
 
5.4.2. Results 
The predominant grain-size trend is not represented by PCA for the bulk data taken in the Obitsu 
River Delta. The contribution values of PC1 (38.27) and PC2 (31.19) show only a small difference 
(Table 2). This means that neither by PC1 nor PC2 represent predominant grain-size trend. The 
scatter diagram of PC1 against PC2 shows two distinct grain-size trends (Fig. 5-4). The major trend 
is composed of almost 80% of samples (Fig. 5-4). This linear trend obliquely crosses to the PC1 (Fig. 
5-4). Therefore, this major trend has strong correlation to the PC1 value, but the PC1 value itself 
cannot represent this grain-size trend. Another subsequent trend is almost parallel to PC2 (Fig. 5-4). 
 
5.5. PCA for data groups classified by k-means cluster analysis 
5.5.1. Methods 
To evaluate two different grain-size trends described above, we employed k-means clustering 
method. Cluster analysis is a method for exploratory data analysis aiming to classify data elements 
based on their similarities (Murtagh, 1983; Cutting, 1992; Everitt, 1993). Thus, results of clustering 
should be used as adminicles of interpretation, not for objective evidences. In other words, numbers 
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and types of classification proposed by cluster analysis should be judged with appropriate scientific 
interpretations. There are two main manners of clustering methods: hierarchical and nonhierarchical 
methods. Hierarchical method automatically classifies similar elements into hierarchized groups, 
while nonhierarchical method classifies elements into the specified number of clusters. The former 
method has a difficulty that the outliers tend to forms separated clusters, and the resultant number of 
clusters increases because of outlier data. In such cases, the interpretation of clusters becomes 
difficult. Therefore, we employed k-means clustering method, which is one of typical 
nonhierarchical clustering methods, to evaluate two grain-size trends suggested by preliminary PCA 
method. Results of cluster analysis differ depending on the scaling of distance between each element 
(Murtagh, 1983; Cutting, 1992; Everitt, 1993). In this study, we compared two results using 
standardized and raw data sets (Fig. 5-5) from viewpoint of grain-size trends shown by PCA of bulk 
data. After the clustering, PCA was conducted for each data group to describe the individual 
grain-size trend. 
 
5.5.2. Results 
5.5.2.1. Cluster analysis 
The result of clustering of raw data is employed in this study. The cluster analysis of the 
standardized data splits the major grain-size trend that has strong correlation with the PC1 scores 
(Fig. 5-5). This result emphasizes equality of element counts of two clusters, rather than the degree 
of concentration of elements, and thus difficult to be interpreted (Fig. 5-5). On the other hand, the 
result of k-means cluster analysis of the raw data better distinguished the major linear grain-size 
trend (Cluster 1) and subsequent trend (Cluster 2) (Fig. 5-5). As discussed in the Chap. 4, 
sediment-transport function should be represented as a continuous and linear grain-size trend. 
Therefore, the linear trend including the major part of the elements, which is emphasized in the later 
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result, should be interpreted in the next procedure: PCA for each cluster. 
 
5.5.2.2. Result of PCA for each data group 
The PCA was conducted for the two clusters distinguished by k-means clustering for the raw 
data sets (Clusters 1 and 2) (Figs. 5-6 and 5-7, Tables 3 and 4). Only 1st principle components of 
these clusters are interpreted because subsequent principal components are difficult to be interpreted. 
 
5.5.2.2.1. PC1 of Cluster 1: sediment-transport function 
Description      The increase of PC1 of Cluster 2 (C2-PC1) represents that grain-size 
becomes finer, better sorted, negatively-skewed and leptokurtic shape (Fig. 5-7 and Table 4). Mud 
logratio also increases with increase of the C2-PC1 value (Table 4). The samples belonging to the 
Cluster 2 only distribute around the northern part of the investigated area, which is the most distal 
part from the river mouth (Fig. 5-8). The value of the C2-PC1 roughly increases to westward 
(offshore) or southwestward (Fig. 5-8). 
Interpretation      The C1-PC1 can be interpreted as a sediment-transport function. The 
gradual decrease of coarser materials, which is represented by the increase of C1-PC1, probably 
reflects the selective transport of finer grains associated with progressive lowering of bed shear 
stress of both fluvial and wave activities. The quite high spatial variation and the radial distribution 
pattern suggest that the C1-PC1 value represents the sediment supply from the branched channel 
dispersal by waves or tidal currents (Fig. 5-8). 
 
5.5.2.2.2. PC1 of Cluster 2: indicator of wave activities 
Description      The increase of PC1 of Cluster 2 (C2-PC1) represents that grain-size 
becomes finer, better sorted and grain-size distribution becomes showing negatively-skewed and 
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leptokurtic shape (Fig. 5-7 and Table 4). Mud logratio also increases with increase of the C2-PC1 
value (Table 4). The samples belonging to the Cluster 2 distribute only distribute around the 
northern part of the investigated area, where is the most distal part from the river mouth (Fig. 5-8). 
The value of the C2-PC1 roughly increases to westward (offshore) or southwestward (Fig. 5-8). 
Interpretation      C2-PC1 can be interpreted as the indicator of wave activities. The gradual 
decrease of coarser materials, which is represented by the increase of C2-PC1, probably reflects the 
progressive lowering of bed shear stress, and that finest fraction of sediments is broadly dispersed 
downcurrent, producing the negative skewness of grain-size distribution (Fig. 5-8). The exclusive 
distribution of the samples of Cluster 2 far from the river mouth implies that sediment transport by 
waves, not fluvial currents (Fig. 5-8). The wave winnowing process may produce the leptokurtic 
shape of the grain-size distribution, which contains relatively large amount of coarser fractions as 
lag deposits (Bartholomä and Flemming, 2007) (Fig. 5-7). 
 
5.6. Result of P-GSTA for each data group 
As described above, C1-PC1 can be interpreted as a function representing nearshore 
sediment-transport, in which sediments were supplied from the branched channel of the Obitsu 
River and disperses by waves or tidal currents. On the other hand, C2-PC1 may be another function 
which indicates offshore sediment-transport mainly by waves. The sediment-transport pathways by a 
function of C2-PC1 cannot be well described because of the insufficiency of elements belonging to 
Cluster 2. Then, sediment-transport pathways represented by a function of C1-PC1 were discussed 
herein (Fig. 5-9). The calculation of trend vectors follows Eq. 12. 
Although the detailed data of sediment-transport directions are not available, trend vectors 
calculated by the spatial gradient of C1-PC1 value show reasonable pattern, considering the existing 
geomorphologic features. Northward trend vectors are dominant along the shoreline (Fig. 5-9). They 
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coincide with the downcurrent direction of braided channels (Fig. 5-9). In the southern part of the 
investigated area, trend vectors show a radial pattern of sediment dispersal from the branched 
channel from the Obitsu River (Fig. 5-9). This may indicate that sediments are not directly supplied 
from the main channel because of the artificial fixing, and rather from the branched channel or the 
beach in front of the salt marsh. Trend vectors directed northward or northwestward in the 
northwestern area, and they coincide with the sediment transport patterns implied by the 
arrangement of sand bars, which elongate flow-transverse direction (Saito, 1991; Yamada and 
Kobayashi, 2008) (Fig. 5-9). 
 
5.7. Discussion 
In the Obitsu River Delta, the sediment-transport function is not adequately recognized solely by 
the P-GSTA method for the bulk data set. The reason is that the sediment-transport function was not 
uniform in this region. Although P-GSTA is a flexible method, it can be applied only to the specific 
environment in which sediment-transport function is consistent and is represented by the linear 
function (see the Chap. 4). If the properties of the sediment-transport function vary remarkably 
within a surveyed region, it is difficult to reveal deformation patterns of grain-size distribution 
curves by PCA, because the resultant first principal component will be a representative of the 
averaged variation of the grain-size trend. In this case, the individual transport functions cannot be 
identified. 
However, the result in the Obitsu River Delta shows that the combination of P-GSTA and 
clustering method is effective to distinguish multiple grain-size trends. After clustering, PCA can 
recognize linear grain-size trend as the first principal component in each cluster, and can detect 
appropriate sediment-transport function. Therefore, the combination of P-GSTA method and cluster 
analysis is effective to reconstruct sediment-transport patterns in depositional environment in which 
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multiple sediment transport functions co-exist. 
It is noteworthy to point out that the clustering method should be treated carefully under some 
precautions. For example, k-means clustering method presupposes hyperspherical clusters including 
same number of elements, and therefore it is difficult to recognize clusters being exception to this 
presumption (Guha, 1998). This is probably the reason why k-means cluster method cannot 
recognize the two linear trends from the standardized data in the case of this study. Some cases may 
require countermeasures: e.g. transformation of data scaling. 
 
5.8. Summary 
The combination of PCA and k-means cluster analysis detected two different sediment-transport 
functions from the sediments on the microtidal sand-flat along the Obitsu River Delta, Tokyo Bay, 
Japan. P-GSTA combined with cluster analysis is effective to reconstruct sediment-transport patterns 
in depositional environments in which multiple sediment-transport processes co-exist. 
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6. Numerical analysis of a diffusion-based multiple-sediment transport model 
6.1. Introduction 
The main purpose of this chapter is to verify the general applicability of the P-GSTA method 
especially focusing on the variety of the original grain-size composition of the source sediment. The 
spatial distribution of granulometric parameters can vary depending not only on the transport 
processes but on the original grain-size distribution of sediments produced in the source regions. 
Nevertheless, this effect of the original grain-size composition has been completely neglected by 
previous GSTA studies. This is probably because the response of the grain-size parameters against 
the variety in grain-size compositions of source regions in natural depositional environments is 
difficult to examine. 
To this end, the numerical experiment using the diffusion-based model was conducted herein to 
understand spatial variation of granulometric parameters in response to a variety of the grain-size 
composition of source sediment. Among various methods that have been used to analyze 
sediment-transport processes quantitatively, the diffusion-based model is one of the most powerful 
methods (e.g. Adachi and Nakatoh, 1969; Begin et al., 1981; Garde et al., 1981; Jain, 1981; Soni, 
1981; Gill, 1983; Jaramillo and Jain, 1984; Ribberink and van der Sande, 1985; Zhang and Kahawita, 
1987; Paola et al., 1992; Rivenæs, 1992, 1997; Clark et al., 2010). In the diffusion models, the 
efficiency of sediment transport is represented by transport (diffusion) coefficient, which controls 
how easily erosion and deposition occur (Rivenæs, 1997). One of the advantages of the 
diffusion-based model is that an individual transport coefficient can be assigned to each grain-size 
class (Rivenæs, 1992, 1997; Clark et al., 2010). Therefore, the model can be easily expanded to 
sediments containing multiple grain-size classes, and it can calculate the downcurrent variation of 
grain-size composition resultant from size-selective sediment-transport. 
In this chapter, the diffusion-based multiple-sediment transport model is proposed at first. Then, 
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the downcurrent variations of granulometric parameters as a function of variety of source-sediment 
composition are calculated by this model. Finally, the previous GSTA and P-GSTA methods are 
conducted for the simulated granulometric parameters for the purpose of verifying the general 
applicability of these methods to the variety of source-sediment composition. 
 
6.2. Methods 
6.2.1. Diffusion-based model 
Processes of sediment erosion and deposition are often modeled using a diffusion equation with 
the regional slope and transport efficiency governing the speed of diffusion (Paola, 2000). Use of 
diffusion equations has a long history in physics and chemistry, describing, for example, heat 
conduction and molecular gas diffusion (Crank, 1975). Diffusion can be characterized as a 
time-dependent smoothing process, relating the rate of change of some property to differences in its 
special gradient. Thus, if the property is topographic elevation, it becomes, 
 
                                                           (13) 
 
Here, h is vertical elevation, t is time and K is termed transport coefficient [length
2
/time], controlling 
how easily erosion and deposition occur. Eq. 13 indicates that sediments are transported to the 
down-slope direction. Paola et al. (1992) defined transport coefficient by using sediment flux, water 
discharge, boundary sheer-stress, and drag coefficient (the ratio of depth to local bed roughness). 
This approach greatly contributes especially to the modeling of fluvial dynamic system. However, 
the transport coefficient in Paola et al. (1992) is independent from grain size, which can simulate 
only environments where sediments are almost uniform. Therefore, it cannot represent downstream 
grain-size variation (Paola et al., 1992; Paola, 2000). 
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One of the treatments of grain-size variation in a diffusion model is to use multiple transport 
coefficients that are dependent on sediment grain-size classes, and then solve a set of coupled 
diffusion equations for each type simultaneously (Rivenæs, 1992, 1997; Clark et al., 2010). Clark et 
al. (2010) employed two different types of sediment (sand and mud) into a two-dimensional 
diffusion-based model: 
 
        −                                       (14) 
 
Here, s represents the proportion of first material type: sand, while 1−s represents that of second: 
mud. This simplification of sediment transport of two grain-size classes enables to ignore the water 
discharge rates, water-flow induced shear-stress and drag-coefficients in the depositional systems 
(Paola, 2000). For example, the sediment type with the higher transport coefficient will move faster 
down-slope and preferentially fill deeper parts of the basin. In other words, the transport coefficient 
is modeled as being a property of the material, rather than the stream system, and thus the coefficient 
tracks the material that carries it (Rivenæs, 1992, 1997; Paola, 2000; Clark et al., 2010). Clark et al. 
(2010) employed experimental transport coefficients for sand and mud, such that the fine-grain mud 
has a fractionally higher transport efficiency compared to sand (α < β). 
This study expands the dual-sediment class model of Clark et al. (2010) to 5 sediment 
(grain-size) classes: 
 
                                                       (15) 
 
                                                   (16) 
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Here, A is the active-layer thickness, which scales the partial derivatives of sediment with respect to 
distance and determines how effective changes in h will be in affecting the sediment concentration. 
Ki and si is the transport coefficient and the proportion of i-th sediment type, respectively. Therefore, 
      1 (i = 1 to 5) is satisfied at any x and t. For the simplicity, Ki and A are defined as 
depth-independent constant values (Tables 5 and 6). 
 
6.2.2. Numerical scheme 
Computer basin simulations using the mathematical model described above (Eqs. 15 and 16) 
correspond to solving an initial-value problem by time integration. Here, at time step t, the latest 
numerical solutions of h and s denoted by h+1, h−1, s+1, and s−1 are used as initial values. Here, the 
final time-step of numerical simulation is given as ft. The time derivatives are approximated by using 
upward finite difference for t = 1, central finite difference for 2 ≤ t ≤ ft−1, and backward finite 
difference for t = ft: 
 
  
− −
 −
− − − −
−
               (17)
 
If values of h−1 and s−1 are used in the spatial discretisation of the right-hand side of Eq.15, 
while values of h and s are used for the right-hand side of Eq. 16, we can arrive at a fully-explicit 
numerical scheme: 
 
    −
−
                                               (18) 
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     −                                            (19) 
 
The diffusion terms with respect to h−1 on the right-hand side of Eq. 18 can be discretised by 
central finite differences. The convection term on the right-hand side of Eq. 19 with respect to s−1 
can be discretised by upwind finite differences. The advantage of the fully explicit scheme (Eqs. 
18–19) is that no linear systems need to be solved, so that the values of h and s on each mesh point 
can be computed by simple algebraic operations. 
 
6.2.3. Application 
Two types of application of the numerical simulation were conducted: one-dimensional and 
two-dimensional. One-dimensional application simulates cross-sectional sediment-transport to the 
downstream, and linear variation of granulometric parameters was examined. Two-dimensional 
application calculates direction-dependent mobility of sediments, and reproduces more realistic 
sediment-transport patterns and spatial variation of granulometric parameters. 
 
6.2.3.1. One-dimensional application 
Boundary conditions      The numerical model employs Direchlet boundary condition for si 
and h,   0.02,   0 at the upstream margin, and   0,   0 at the downstream margin. 
The upstream gradient can be regarded as controlling sediment-input rate. The initial 
geomorphological slope was given as a gradual convex-downward shape. 
Transport coefficient and hypothetical grain-size      The previous studies have assigned 
measured or hypothetical values of ca. 1.0×10
3
–5.3×10
5 
[m
2
/year] to the transport coefficient in 
deltaic or non-marine environments (Kenyon and Turcotte, 1985; Begin, 1988; Jordan and Flemings, 
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1991; Rivenæs, 1992). Although the values of transport coefficient depend on grain-size, topologic 
gradient, and sediment transport processes, small grains generally have a higher transport coefficient 
than coarse grains in a same depositional setting (Flemings and Carlson, 1996). Here, five different 
sediment (grain-size) types (Type 1–5) are assigned as −0.5, 0.5, 1.5, 2.5, and 3.5 φ, respectively 
(Table 5). Then, values of transport coefficient of them (K1–K5) are presumed as 2.0×10
4
–1.0×10
5 
[m
2
/year] (Table 5). Although transport coefficients generally vary as a function of transport 
processes (water depth and water-flow condition) or bed roughness (Paola, 2000), constant values 
were employed because spatial scale of the simulation (X) is relatively short (2000 m), supposing 
only one sediment-transport function dominates (Table 5). 
Grain-size composition of source sediment      Three patterns of the composition of source 
sediment (si(x=0)) were tested (Case 1–3) (Table 5). Case 1 is the uniform distribution in which the 
types 1–5 sediments are contained with equal proportions (Table 5). Case 2 is the concentric 
distribution in which distribution curve of sediment grain-size shows bell-shaped distribution (Table 
5). Case 3 supposes the natural grain-size distribution patterns of the bottom surface sediments on 
the microtidal sand-flat along the Kushida River Delta, employing averaged grain-size distribution 
of all samples which were collected for GSTA methods (see Chap. 4) (Table 5). 
 
6.2.3.2. Two-dimensional application 
   In the two-dimensional application, the numerical simulation attempts to reproduce simplified 
sediment-transport patterns on the tidal sand flat along the Kushida River Delta. Sediments are 
supplied from the river mouth that is 250 m wide, and were transported with direction-dependent 
mobility due to mixed effects of waves and coastal currents (Fig. 6-7). As described above, coastal 
currents dominate from northwest to southeast direction in the tidal sand flat along the Kushida 
River (Fig. 1-3). Here, the updrift side of the coastal current in the two-dimensional application is 
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thus described as “northwest” (Fig. 6-7). 
Boundary conditions      The numerical model employs Direchlet boundary condition for the 
entire boundaries,   0,    0,   0,   0, except for 250 m wide river mouth along the X 
axis (shoreline), in which the topologic gradient was configured to the Y direction,    0.002 (Fig. 
6-7). 
Transport coefficient and hypothetical grain-size      Sediment types (Type 1–5), and their 
assigned grain-size (−0.5, 0.5, 1.5, 2.5, and 3.5 φ, respectively) were defined similar to the cases of 
the one-dimensional application (Table 5). For representing direction-dependent mobility of 
sediments, three different transport coefficients (Kdi, Kui, Kyi, i =1–5) were used to control transport 
patterns of each sediment type (Table 6). Here, given that coastal current flows parallel to the shore 
line (Y=0), sediments are more easily transported to the downdrift direction (minus direction of X) 
than that to the updrift direction (plus direction of X) (Fig. 6-7). Thus, the transport coefficients 
directed to the downdrift direction (Kdi) are assigned larger than those to the updrift direction (Kui) 
(Table 6). The transport coefficients to the Y direction (Kyi, i =1–5) are uniform (Table 6). Then, 
instead of Eqs. 15 and 16, they become, 
 
    
       
       
                              (20) 
 
       
      
      
                        (21) 
                                      
Grain-size composition of source sediment      The grain-size composition at the 250 m wide 
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river mouth was fixed as the initial values. Three patterns of the composition of them (Case 1–3) are 
tested, same as the one-dimensional application (Table 5). 
 
6.3. Results 
6.3.1. Result of one-dimensional application 
The one-dimensional diffusion-based model reproduced depositional patterns and downstream 
variations of calculated granulometric parameters (mean grain-size, sorting, CV, skewness, and 
kurtosis) after 10-year (= T) simulation (Figs. 6-1–6-5). The results were described every 1 year (Ts) 
(Figs. 6-1–6-5). PCA was conducted for grain-size parameters at Ts = 10 (Fig. 6-6 and Table 7) for 
the purpose of detection of sediment-transport function (Fig. 6-6 and Table 7). Sorting value is ruled 
out from PCA for the comparison to the result of P-GSTA (see the Chap. 4). 
 
6.3.1.1. Depositional pattern and downcurrent variation of grain-size parameters 
Depositional pattern      Numerical simulations using different grain-size distributions of 
source sediments (Cases 1–3) reproduces similar topographic features, in which the elevation 
smoothly becomes lower in the downcurrent direction showing convex-downward shape (Fig. 6-1). 
Deposition occurs at constant rate in every location. The topography elevates about 0.4 m in 10 
years (Fig. 6-1). 
Mean grain-size      A pattern of fining downcurrent is produced in all the Case 1–3 (Figs. 
6-2–6-5). Variation of mean grain-size almost reaches an equilibrium condition at Ts = 6, in which 
the trend of fining downcurrent appears linear (Figs. 6-2–6-5). The mean grain-size is finer than 2.5 
φ at the distal end (2000 m) in all cases (Figs. 6-2–6-5). 
Sorting and CV      All the results of numerical simulation (Case 1–3) reproduces 
“progressive sorting” pattern (Bartholomä and Flemming, 2007), in which sediment becomes better 
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sorted in the downstream direction (Figs. 6-2–6-5). Patterns of sorting and CV values almost reaches 
an equilibrium condition at Ts = 6 (Figs. 6-2–6-5). Sorting vale linearly decreases in the Case 1 
(uniform distribution) and 2 (concentric distribution), but it increase again at ca. 1500 m in the Case 
3 (natural example) (Figs. 6-2–6-5) at Ts > 6. In contrast, CV value shows linear decreasing pattern 
in all cases (Figs. 6-2–6-5). 
Skewness      The downcurrent variation of skewness value shows different patterns between 
the Case 1 (uniform distribution) and the Cases 2–3 (Figs. 6-2–6-5). In the Case 1 (uniform 
distribution), skewness value is negative at all locations, and it decreases downcurrent linearly at Ts 
> 5 (Figs. 6-2 and 6-3). In contrast, in the Cases 2 and 3, it is almost constant or slightly increases at 
the interval from 1000 to 1500 m, and then drastically decreases in the distal region (Figs. 6-4 and 
6-5). 
Kurtosis      In the Case 1 (uniform distribution), kurtosis value almost reaches an 
equilibrium condition at Ts = 6. It increases downcurrent linearly (Figs. 6-2 and 6-3). In contrast, it 
shows quite different patterns in the Case 2 (concentric distribution) and 3 (natural example). In the 
Case 2 (concentric distribution), the downcurrent variation of kurtosis value highly fluctuates (Fig. 
6-4). At Ts = 10, kurtosis value gradually increases to 600 m, then decreases to 1700 m, and finally 
drastically increases at the distal end (Fig. 6-4). The similar pattern is found in the Case 3 (natural 
example). At Ts > 7, kurtosis value gradually increases to 1200 m, and then shows highly fluctuated 
pattern at the downcurrent interval (Fig. 6-5). 
 
6.3.1.2. Result of PCA 
In the Case 1 (uniform distribution), the PC1 explains more than 90% of information of 
grain-size variation (Table 7). The PC1 is influenced positively by mean grain-size (0.98) and 
kurtosis (0.92) and negatively by CV (−0.95) and skewness value (−0.99) (Table 7). The PC1 score 
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increases downcurrent linearly (Fig. 6-6). Thus, the PC1 well represents downcurrent variation of 
grain-size distribution, which becomes finer, better sorted, and showing negatively skewed and 
leptokurtic distribution curve (Fig. 6-2 and Table 7). 
PCA exhibits similar results also in the Case 2 (concentric distribution) and 3 (natural example) 
(Table 7). The PC1 in these cases explains more than 60% of the information of grain-size variation 
(Table 7). The PC1 scores are positively influenced by mean grain-size (0.98, 0.99) and negatively 
by CV value (−0.91, −0.94). The influence by skewness value is relatively small (−0.79, 0.68), and 
kurtosis value has only slight influences on the PC1 (0.10, −0.30). The PC1 scores in the Cases 2 
and 3 increase downcurrent linearly, representing quite similar pattern in the Case 1(uniform 
distribution) (Fig. 6-6). Thus, the PC1 scores in the Case 2 (concentric distribution) and 3 (natural 
example) represent downcurrent grain-size variation, which becomes finer and better sorted, and 
roughly showing negatively skewed shape (Fig. 6-2 and Table 3). The PC2 scores are mainly 
influenced by kurtosis values (0.97, 0.89), which are excluded from the PC1 (Table 7). 
 
6.3.2. Result of two-dimensional application  
The two-dimensional diffusion-based model reproduces depositional patterns and downstream 
variations of granulometric parameters (mean grain-size, sorting, CV, skewness, and kurtosis) after 
10-year (= T) simulation of (Figs. 6-7–6-10). GSTA and P-GSTA were conducted and the resultant 
trend vectors were compared to the actual processes occurred in the numerical simulation (Figs, 
6-11–6-13). Granulometric parameters and sediment-transport patterns were discussed only in the 
area in which sediment were deposited more than 0.1 m, beyond the active-layer thickness (A = 0.08 
m). 
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6.3.2.1. Depositional pattern and downcurrent variation of grain-size parameters 
Depositional pattern and sediment-transport patterns      The numerical simulations using 
different grain-size distributions of source sediments (Cases 1–3) reproduces similar topographic 
features (Fig. 6-7). The elevation evolves more than 0.4 m near the river mouth after 10-years 
simulation (Fig. 6-7). Sediment radially dispersed from the river mouth, but they are preferentially 
transported to the downdrift side (southeast) (Fig. 6-7). Deposition occurs more than 0.1 m up to 800 
m from the river mouth in the direction to the offshore (northeast) and the downdrift side (southeast), 
but only up to 400 m in the direction to the updrift side (northwest) (Fig. 6-7). The elevation 
becomes lower to the downcurrent direction with convex-downward shape (Fig. 6-7). The topologic 
gradient is smooth in the directions from river mouth to the downcurrent direction, but is relatively 
rough in the transverse directions (Fig. 6-7). 
Mean grain-size      A pattern of fining downcurrent is produced in all cases (Cases 1–3) 
(Figs. 6-8–6-10). The mean grain-size of sediments is ca. 1.5 φ around the river mouth, and it fines 
downcurrent radially (Figs. 6-8–10). The finest mean grain-size (> 1.9 φ) is found at the 
southeastern margin of the calculation domain (Figs. 6-8–6-10). 
Sorting and CV      All the results of numerical simulation (Case 1–3) reproduces 
“progressive sorting” pattern (Bartholomä and Flemming, 2007), in which sediment becomes better 
sorted in the downstream direction (Figs. 6-8–6-10). Sorting vales decrease downcurrent radially, 
but increase again only at the most distal area (800–1000 m from the river mouth) (Figs. 6-8–6-10). 
In contrast, CV values show consistent trend to be better-sorted downcurrent (Figs. 6-8–6-10). The 
smallest values of CV are found around the southeastern margin of the calculation domain (Figs. 
6-8–6-10). 
Skewness      The spatial variation of skewness values show different patterns between the 
Case 1 (uniform distribution) and the Case 2–3 (Figs. 6-8–6-10). In the Case 1 (uniform distribution), 
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skewness value shows a radially decreasing pattern from the river mouth, and it shows negative 
value almost all locations (Fig. 6-8). In contrast, in the Case 2 (concentric distribution) and 3 
(natural example), skewness values are almost constant or slightly increase to 800 m from the river 
mouth, and then drastically decrease (Figs. 6-9 and 6-10). The smallest values of skewness are found 
at the southeastern and eastern margin of the calculation domain (Figs. 6-9 and 6-10). 
Kurtosis      In the Case 1 (uniform distribution), kurtosis value increases downcurrent 
radially from the river mouth, and the highest values are distributed at the southeastern margin (Fig. 
6-8). In contrast, it shows quite different patterns in the Case 2 (concentric distribution) and 3 
(natural example); the spatial variations of kurtosis value highly fluctuate (Figs. 6-8 and 6-9). The 
kurtosis values gradually increase up to 600–800 m from the river mouth, and then drastically 
decrease (Figs. 6-8 and 6-9). 
 
6.3.2.2. Result of GSTA and P-GSTA 
Result of GSTA      Sediment transport patterns simulated by the diffusion-based model are 
not appropriately reconstructed by the previous GSTA method (Gao and Collins, 1992) (Figs. 
6-11–6-13). In the Case 1 (uniform distribution), the result of GSTA roughly exhibits 
radially-dispersal patterns of sediment with preferential transport to the downdrift side, but the 
accuracy is quite low (Fig. 6-11). Several vectors show the direction toward the river mouth (Fig. 
6-11) that is opposite to the actual sediment transport. In the Cases 2–3, the grain-size trend vectors 
show almost random patterns, having almost no correlation to the simulated actual 
sediment-transport patterns (Figs. 6-12 and 6-13). 
Result of P-GSTA     PCA for the granulometric parameters calculated in the two-dimensional 
simulation exhibits results similar to the one-dimensional simulation (Table 8). PC1 explains more 
than 90% of the information of grain-size variation in the Case 1 (uniform distribution), and ca. 
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60 % in the Cases 2 and 3 (Table 8). All the PC1 scores are influenced positively by mean grain-size 
(> 0.97) and negatively by CV value (< −0.95) and skewness (< −0.68) (Table 8). Kurtosis value has 
a strong positive correlation to the PC1 score in the Case 1 (uniform distribution) (0.95), while it has 
only slight influences on the PC1 scores in the Cases 2 and 3 (−0.08–0.50). These facts indicate that 
the PC1 represents downcurrent variation of grain-size distribution, which becomes finer, better 
sorted, and showing negatively skewed distribution curve. Therefore, PC1 is employed as the 
sediment-transport function. 
All P-GSTA results in the Cases 1–3 shows almost same patterns of grain-size trend and better 
accordance with the actual sediment-transport patterns calculated in numerical simulations (Figs. 
6-11–6-13). They exhibit radial dispersal patterns of sediments with preferential transport to the 
downdrift side, although there are some randomly-directed vectors at the proximal area (< 300 m 
from the river mouth). In the southeastern margin, however, the trend vectors slightly conflict (90° 
in maximum) to the simulation result (Figs. 6-11–6-13). 
 
6.4. Discussions 
6.4.1. Reliability of the diffusion-based multiple-sediment transport model 
The numerical simulation proposed in this chapter produced qualitatively similar downcurrent 
variation of grain-size distribution to a natural environment. The Case 3 (natural example) 
simulation especially well reproduced downcurrent variations of granulometric parameters on the 
tidal sand flat along the Kushida River estuary (Figs. 6-5 and 6-10). Both in the one- and 
two-dimensional simulations, fining-downcurrent trends are well represented (Figs. 6-2, 6-5 and 
6-10). On the other hand, sorting value increases downcurrent locally in the distal area (Figs. 6-5 
and 6-10). As described in the Chap. 2, this is probably because of the high mean value in this area. 
CV value cancels this inevitable correlation, and well represented downstream sediment sorting, 
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which are recognized in the natural sand flat along the Kushida River Delta (Figs. 4-3, 6-5 and 6-10). 
In the natural sand flat, lower values of skewness are specifically found in the distal margins of the 
sand flat (Fig. 4-3). This trend is roughly consistent with the result of two-dimensional simulation in 
which the lowest skewness values are found at the southeastern margin (Fig. 6-10). The natural 
kurtosis value decreases from the river mouth, and increases in the distal area (Fig. 4-3). This trend 
is also reproduced by the two-dimensional simulation (Fig. 6-10). 
The purpose of the numerical model in this study is to consider qualititative aspects of the 
depositional system, and it is not necessary to expect that the calculated granulometric parameters 
coincide with the natural ones, because diffusion coefficient of each grain-size class (Type 1–5) and 
grain-size composition of source sediment are hypothetical values. They should also vary depending 
on the number of fractions (sediment types). Nevertheless, the result of the Case 3 (natural example) 
indicates that the numerical model proposed herein can qualitatively represent a downcurrent 
variation of multiple sediment composition, suggesting the applicability of the diffusion-based 
model to the natural environment of the sand flat system. 
 
6.4.2. Influences of source-sediment composition on the grain-size trend 
The numerical simulation proposed in this chapter clarified that the downcurrent variation of 
grain-size parameters varies depending on the composition of source sediment. As discussed in the 
earlier chapters, the mismatches between previous GSTA methods and actual sediment-transport 
patterns are probably due to that grain-size trend does not always follow the assumption of McLaren 
and Bowles (1985) (FB− or CB+). The result of one-dimensional simulation clearly shows this 
discordance. In the Case 1 (uniform distribution), where the source sediment is very poorly sorted, 
the FB− pattern is recognized at any location (Fig. 6-3). In addition, the downcurrent increasing 
pattern in kurtosis value may also be a reliable index of sediment transport (Fig 6-3). However, in 
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the Case 2 (concentric distribution) and 3 (natural example), where the source sediments shows 
normal bell-shaped distribution, skewness values do not always follow the assumption of McLaren 
and Bowles (1985). Although the skewness values eventually decreases downcurrent in the distal 
area, they are almost constant or weakly increase downcurrent at certain range (Figs. 6-4 and 6-5). 
In addition, the kurtosis values show highly fluctuating patterns (Figs. 6-4 and 6-5). The similar 
trends were recognized in the two-dimensional application, and this is because the previous GSTA 
method cannot reconstruct the sediment transport vectors (Figs. 6-8–6-13). These results suggest 
that the effect of the original grain-size composition can be crucial for the previous GSTA methods. 
 
6.4.3. Applicability of P-GSTA method over variety of source-sediment composition 
As a result of verification by numerical simulations, P-GSTA is proved to be a flexible method 
that is independent from the differences of grain-size composition of source-sediment, while 
previous GSTA method becomes nonfunctional depending on it. P-GSTA method successfully 
reconstructed sediment-transport patterns in the two-dimensional application regardless of the 
source-sediment composition (Cases 1–3) (Figs. 6-11, 6-12 and 6-13). This applicability of the 
method is clearly demonstrated in the one-dimensional application. The linear trend of downcurrent 
increase of PC1 score justifies regarding the PC1 score as the sediment-transport function in all 
cases (Cases 1–3) (Fig. 6-6). In the Case 1 (uniform distribution), skewness and kurtosis are 
weighted heavily in the sediment transport function because of their high spatial variation (Tables 7 
and 8). On the other hand, in the Case 2 (concentric distribution) and 3 (natural example), decrease 
of skewness value is referred with relatively light weight, and kurtosis is almost excluded because of 
its spatial randomness (Tables 7 and 8). This is an advantage of the P-GSTA’s automated choice of 
the weighting coefficients that is proportional to the amount of spatial variation of each parameter. 
In this method, PCA organizes synthesis variables, and generally PC1 can be recognized as 
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sediment-transport function (see Chap. 4). Because of this automatic weighting of grain-size 
parameters, P-GSTA can recognize the different sediment-transport functions as a function of the 
grain-size distribution of source sediment and reconstruct sediment-transport processes 
independently from original grain-size compositions. 
 
6.5. Summary 
1. The diffusion-based multiple-sediment transport model was proposed herein. This model 
qualitatively reproduced the downcurrent variation of grain-size parameters observed in a natural 
environment. 
2. While the downcurrent fining and better-sorting of sediments were simulated regardless of the 
grain-size composition of source sediment, the downcurrent variation of skewness and kurtosis 
were strongly influenced by it. Therefore, previous GSTA method which relies on the assumption 
of McLaren and Bowles (1985) cannot reconstruct the sediment-transport patterns depending on 
the grain-size composition of source sediment. 
3. The flexibility of P-GSTA method, which can detect unique sediment-transport functions in each 
depositional setting, was verified by numerical simulations under different conditions. PCA 
automatically detected the appropriate sediment-transport functions independent from the 
differences of source sediment. 
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7. Concluding remarks 
A new method for reconstruction of sediment-transport pathways based on the sediment 
grain-size (P-GSTA) was proposed in this study. In this method, principal component analysis 
(PCA) is employed to recognize unique combination of granulometric parameters suggesting 
sediment-transport directions (sediment-transport function) in each depositional setting. PCA 
automatically organizes granulometric parameters into a few linear synthesis variables with different 
weights. Each weight depends on its variance resulting from sediment transport, and the linear 
synthesis variable (generally the first principle component) can be expected to reflect the 
size-selective sediment-transport process. 
The applicability of the P-GSTA method was tested by applying into the two modern microtidal 
environments and by numerical simulations. P-GSTA successfully reconstructed the grain-size trend 
and sediment-transport pathways on the modern microtidal sand-flat along the Kushida River Delta, 
central Japan. Estimation by the P-GSTA method was in accordance with the actual sediment 
transport patterns that were monitored by tracer experiments and geomorphologic observation. In 
addition, it was clarified that P-GSTA combined with k-means cluster analysis is effective to 
reconstruct sediment transport patterns in depositional environments in which multiple sediment 
transport processes co-exist, taking an example of the microtidal sand-flat along the Obitsu River 
delta, Japan. Furthermore, diffusion-based multiple-sediment transport model proposed in this study 
clarified the general applicability of the P-GSTA method to the variety of grain-size composition of 
source sediment. PCA automatically detected the appropriate sediment-transport processes 
independent from the differences in the initial grain-size distributions of the source sediment, while 
the previous GSTA method which relies on the assumption of McLaren and Bowles (1985) could not 
reconstruct the sediment-transport pathways when the composition of source sediment varied 
remarkably. 
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One of the future targets of the GSTA studies is to reconstruct ancient sediment-transport 
patterns based on granulometric information. Ancient sediment-transport directions have been 
traditionally estimated from sedimentary structures such as sole marks or cross lamination, but they 
are not always available especially in the case of boring cores. Granulometric information can be, 
therefore, a clue to estimate sediment transport processes, complementing or replacing the role of 
sedimentary structures. P-GSTA method, which is a flexible method detecting unique 
sediment-transport functions in each depositional setting, can be a powerful tool to reconstruct 
sediment-transport patterns in ancient depositional environments, where the details of depositional 
processes and source-sediment composition are unclear. 
There are, however, several issues to be solved for applying the method to the ancient deposits. 
Especially, precise age correlation is an important requirement to reconstruct sediment-transport 
patterns from ancient deposits. Samples for GSTA methods should be taken from an isochronous 
horizon, which was a ground surface at a certain time, and thus precise age correlation of sampling 
horizons is required. Also, rates of sediment accumulation should be clarified to discuss the time 
scale of sediment-transport patterns. As already discussed in this study, the time-scale of 
sediment-transport patterns estimated by any GSTA methods is defined by the sampling depth (Gao 
and Collins, 1992). Therefore, the time scale of sediment-transport processes corresponding to a 
certain sampling horizon can differ depending on the depositional rate. The high-resolution dating 
method might solve both the age correlation and the time-scale problems of sediment-transport 
processes. Even though there are several difficulties, P-GSTA method is potentially a powerful tool 
to analyze not only the modern depositional systems but also the palaeogeography and other 
geological subjects. 
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Appendix 
The source program of the diffusion-based multiple-sediment transport model (described in the 
Chap. 6) for MATLAB
®
 (The MathWorks, Inc.) is attached. 
 
1. One-dimensional application 
function [uTs, MGS, sorting, CV, sk, kt] = diffusion55(D1, D2, D3, D4, D5, s10, s20, s30, s40, U0, 
A, T, dt, X, dx, Ts) 
 
%1-D model 
% Di: transport coefficient 
% si0: input_fraction 
% U0: initial_height(x=0) 
% A: active layer 
% Ts: time step showing downcurrent grain-size variation 
 
tic 
S = 0.02; 
S_input = 0.02; 
t = 0: dt: T; 
x = 0: dx: X; 
Dt = T/10; 
 
gsizet = size (t, 2); 
gsizex = size (x, 2); 
u = zeros(1,gsizex); 
u_grad = zeros(size(u));  
u_prev = zeros(size(u));  
 
s1 = zeros(1, gsizex); 
s2 = zeros(1, gsizex); 
s3 = zeros(1, gsizex); 
s4 = zeros(1, gsizex); 
 
su1_grad = zeros(1, gsizex); 
su2_grad = zeros(1, gsizex); 
su3_grad = zeros(1, gsizex); 
su4_grad = zeros(1, gsizex); 
 
 
%boundary condition 
u(1) = U0; 
 
s1(1) = s10; 
s2(1) = s20; 
s3(1) = s30; 
s4(1) = s40; 
 
%first gradient 
for j = 2:gsizex    
    
    u(j) = 0.95 * u(j-1) - S * dx;  
     
    s1(j) = s1(j-1); 
    s2(j) = s2(j-1); 
    s3(j) = s3(j-1); 
    s4(j) = s4(j-1); 
     
end 
 
% loop 
k = 1; 
 for  i = 1:gsizet-1; 
      
     u_prev = u; 
      
     s1_prev = s1; 
     s2_prev = s2; 
     s3_prev = s3; 
     s4_prev = s4; 
        s5_prev = ones(size(s1)) - (s1_prev + s2_prev + s3_prev + s4_prev); 
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        u_grad = diff(u) ./ dx; 
        su1_grad = D1 .* s1_prev(2:end) .* u_grad;  
        su2_grad = D2 .* s2_prev(2:end) .* u_grad; 
        su3_grad = D3 .* s3_prev(2:end) .* u_grad; 
        su4_grad = D4 .* s4_prev(2:end) .* u_grad; 
        su5_grad = D5 .* s5_prev(2:end) .* u_grad; 
         
        u(2:end-1) = dt .* (diff(su1_grad) ./ dx + diff(su2_grad) ./ dx + diff(su3_grad) ./ dx  
+ diff(su4_grad) ./ dx + diff(su5_grad) ./ dx) + u_prev(2:end-1); 
 
        s1(2:end-1) = 1 ./ (A + u(2:end-1) - u_prev(2:end-1)) .* (dt .* diff(su1_grad) ./ dx  
+ A .* s1_prev(2:end-1)); 
 
        s2(2:end-1) = 1 ./ (A + u(2:end-1) - u_prev(2:end-1)) .* (dt .* diff(su2_grad) ./ dx  
+ A .* s2_prev(2:end-1)); 
 
        s3(2:end-1) = 1 ./ (A + u(2:end-1) - u_prev(2:end-1)) .* (dt .* diff(su3_grad) ./ dx  
+ A .* s3_prev(2:end-1)); 
 
        s4(2:end-1) = 1 ./ (A + u(2:end-1) - u_prev(2:end-1)) .* (dt .* diff(su4_grad) ./ dx  
+ A .* s4_prev(2:end-1));         
          
      
 %boundary condition  2 
     u(1) = u(2) + S_input * dx; 
     u(end) = u(end-1); 
      
     s1(1) = s10; 
     s1(2) = s1(1); 
     s1(end) = s1(end-1); 
      
     s2(1) = s20; 
     s2(2) = s2(1); 
     s2(end) = s2(end-1); 
      
     s3(1) = s30; 
     s3(2) = s3(1); 
     s3(end) = s3(end-1); 
      
     s4(1) = s40; 
     s4(2) = s4(1); 
     s4(end) = s4(end-1); 
      
     %Record results every Dt seconds 
     if t(i) >= Dt * (k - 1) 
         u_p(k,:) = u; 
          
         s1_p(k,:) = s1; 
         s2_p(k,:) = s2; 
         s3_p(k,:) = s3; 
         s4_p(k,:) = s4; 
          
         k = k + 1; 
     end 
      
 end 
  
 toc 
 
 
% statistic 
s5_p = 1 - s1_p - s2_p - s3_p - s4_p; 
 
MGS = (-0.5 * s1_p+ 0.5 * s2_p + 1.5 * s3_p + 2.5 * s4_p + 3.5 * s5_p) / 5; 
 
sorting = (( s1_p * (-MGS - 0.5 ).^2 +  s2_p * (-MGS + 0.5).^2 + s3_p * (-MGS + 1.5).^2  
+ s4_p * (-MGS + 2.5).^2 + s5_p * (-MGS + 3.5).^2).^0.5) / 5; 
 
CV = sorting ./ MGS; 
 
skewness = ((s1_p .* (-MGS - 0.5 * One).^3) +  (s2_p .* (-MGS + 0.5 * One).^3)  
+ (s3_p .* (-MGS + 1.5 * One).^3) +  (s4_p .* (-MGS + 2.5* One).^3)  
+ (s5_p .* (-MGS + 3.5* One).^3))./ (100 .* (sorting .* One).^3); 
 
kurtosis = ((s1_p .* (-MGS - 0.5 * One).^4) +  (s2_p .* (-MGS + 0.5 * One).^4)  
+ (s3_p .* (-MGS + 1.5 * One).^4) +  (s4_p .* (-MGS + 2.5* One).^4) 
+ (s5_p .* (-MGS + 3.5* One).^4))./ (100 .* (sorting .* One).^4); 
  
  
% plot DEPOSITION 
figure 
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plot(x,u_p); 
title('Depositional pattern'); 
 
%plot MGS 
figure 
plot (x, MGS); 
title('Mean grain-size (phi)'); 
 
%plot sorting 
figure 
plot (x, sorting); 
title('sorting'); 
 
%plot skewness 
figure 
plot (x, skewness); 
title('skewness'); 
 
%plot kurtosis 
figure 
plot (x, kurtosis); 
title('kurtosis'); 
 
%plot grain-size 
figure 
hold on 
for i = 1:2:gsizex 
plot ([s1_p(Ts, i) s2_p(Ts, i) s3_p(Ts, i) s4_p(Ts, i) 1-s1_p(Ts, i)-s2_p(Ts, i)-s3_p(Ts, i)-s4_p(Ts, 
i)]); 
 end 
 hold off 
     
title('Grain-size distribution (Time Step =Ts)'); 
     
end 
2. Two-dimensional application 
function [uTs, MGS, sorting, CV, sk, kt] = diffusion2DXX(Dx11, Dx12, Dx13, Dx14, Dx15, Dx21, Dx22, 
Dx23, Dx24, Dx25, Dy1, Dy2, Dy3, Dy4, Dy5, s10, s20, s30, s40, A, T, dt, X, dx, Y, dy, Ts ) 
% diffusssion-based multiple-sediment tranport model (5 types) 
% Dxi: x-direction transport coefficient of i-th type 
% Dyi: y-direction transport coefficient of i-th type 
% si0: initial proportion of i-th type 
% U0: initial height 
% A: active-layer thickness 
% Ts: large time-step 
tic 
S = 0; 
S_input = 0.002; % sediemnt input 
t = 0: dt: T; 
x = 0: dx: X; 
y = 0: dy: Y; 
Dt = T/20; 
gsizet = size (t, 2); 
gsizex = size (x, 2); 
gsizey = size (y, 2); 
u = zeros(gsizex, gsizey); 
u_grad = zeros(size(u)); %save u's gradient 
u_prev = zeros(size(u)); %save previous u 
s1 = zeros(gsizex, gsizey); 
s2 = zeros(gsizex, gsizey); 
s3 = zeros(gsizex, gsizey); 
s4 = zeros(gsizex, gsizey); 
su1_grad = zeros(gsizex, gsizey); 
su2_grad = zeros(gsizex, gsizey); 
su3_grad = zeros(gsizex, gsizey); 
su4_grad = zeros(gsizex, gsizey); 
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%initial gradient 
u(1,1) = 0; 
for k = 2:gsizey 
u(:, k) = 0.95 * u(:, k-1) - S * dy; 
end 
%without initial granulometric variation 
s1(:,:) = s10; 
s2(:,:) = s20; 
s3(:,:) = s30; 
s4(:,:) = s40; 
% loop 
m = 1; 
for i = 1:gsizet-1; 
 
u_prev = u; 
 
s1_prev = s1; 
s2_prev = s2; 
s3_prev = s3; 
s4_prev = s4; 
s5_prev = ones(size(s1)) - (s1_prev + s2_prev + s3_prev + s4_prev); 
 
%gradient x 
gradx_temp = gradx(u,dx); 
east_index = gradx_temp < 0; 
 
Dx1_array = Dx11 .* ones(size(gradx_temp)); 
Dx1_array(east_index) = Dx21; 
 
Dx2_array = Dx12 .* ones(size(gradx_temp)); 
Dx2_array(east_index) = Dx22; 
 
Dx3_array = Dx13 .* ones(size(gradx_temp)); 
Dx3_array(east_index) = Dx23; 
 
Dx4_array = Dx14 .* ones(size(gradx_temp)); 
Dx4_array(east_index) = Dx24; 
Dx5_array = Dx15 .* ones(size(gradx_temp)); 
Dx5_array(east_index) = Dx25; 
 
su1_gradx = Dx1_array .* s1_prev .* gradx_temp; 
su2_gradx = Dx2_array .* s2_prev .* gradx_temp; 
su3_gradx = Dx3_array .* s3_prev .* gradx_temp; 
su4_gradx = Dx4_array .* s4_prev .* gradx_temp; 
su5_gradx = Dx5_array .* s5_prev .* gradx_temp; 
 
%gradient y  
su1_grady = Dy1 .* s1_prev .* grady(u, dy); 
su2_grady = Dy2 .* s2_prev .* grady(u, dy);  
su3_grady = Dy3 .* s3_prev .* grady(u, dy);  
su4_grady = Dy4 .* s4_prev .* grady(u, dy);  
su5_grady = Dy5 .* s5_prev .* grady(u, dy); 
 
u = dt .* (gradx(su1_gradx + su2_gradx + su3_gradx + su4_gradx + su5_gradx, dx) + grady(su1_grady 
+ su2_grady + su3_grady + su4_grady + su5_grady, dy)) + u_prev;  
s1 = 1 ./ (A + u - u_prev) .* (dt .* (gradx(su1_gradx, dx) + grady(su1_grady, dy)) + A .* s1_prev); 
s2 = 1 ./ (A + u - u_prev) .* (dt .* (gradx(su2_gradx, dx) + grady(su2_grady, dy)) + A .* s2_prev); 
s3 = 1 ./ (A + u - u_prev) .* (dt .* (gradx(su3_gradx, dx) + grady(su3_grady, dy)) + A .* s3_prev); 
s4 = 1 ./ (A + u - u_prev) .* (dt .* (gradx(su4_gradx, dx) + grady(su4_grady, dy)) + A .* s4_prev); 
 
 
%check fraction 
s1 = check_fraction(s1); 
s2 = check_fraction(s2); 
s3 = check_fraction(s3); 
s4 = check_fraction(s4); 
 
[s1, s2, s3, s4] = check_total_fraction(s1,s2,s3,s4); 
 
%boundary condition  
%input  
u(18, 2) = u(18,3) + S_input * dx; 
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u(19, 2) = u(19,3) + S_input * dx; 
u(20, 2) = u(20,3) + S_input * dx; 
u(21, 2) = u(21,3) + S_input * dx; 
u(22, 2) = u(22,3) + S_input * dx; 
u(23, 2) = u(23,3) + S_input * dx; 
 
u(18, 1) = u(18,2); 
u(19, 1) = u(19,2); 
u(20, 1) = u(20,2); 
u(21, 1) = u(21,2); 
u(22, 1) = u(22,2); 
u(23, 1) = u(23,2); 
 
%elevation edge 
u(1:17, 1) = u(1:17, 2); 
u(24:end, 1) = u(24:end, 2); 
u(1, 2:end) = u(2, 2:end);  
u(end,:) = u(end-1,:);  
u(:,end) = u(:,end-1); 
%proportion 
s1(17:24, 1:3) = s10;  
s1(1:16, 1) = s1(1:16, 2); 
s1(25:end, 1) = s1(25:end, 2); 
s1(1, 2:end) = s1(2, 2:end);  
s1(end,:) = s1(end-1,:);  
s1(:,end) = s1(:,end-1);  
 
s2(17:24, 1:3) = s20;  
s2(1:16, 1) = s2(1:16, 2); 
s2(25:end, 1) = s2(25:end, 2); 
s2(1, 2:end) = s2(2, 2:end);  
s2(end,:) = s2(end-1,:);  
s2(:,end) = s2(:,end-1);  
 
s3(17:24, 1:3) = s30;  
s3(1:16, 1) = s3(1:16, 2); 
s3(25:end, 1) = s3(25:end, 2); 
s3(1, 2:end) = s3(2, 2:end);  
s3(end,:) = s3(end-1,:);  
s3(:,end) = s3(:,end-1);  
 
s4(17:24, 1:3) = s40;  
s4(1:16, 1) = s4(1:16, 2); 
s4(25:end, 1) = s4(25:end, 2); 
s4(1, 2:end) = s4(2, 2:end);  
s4(end,:) = s4(end-1,:);  
s4(:,end) = s4(:,end-1);  
 
%visualize every Dt 
if t(i) >= Dt * (m - 1) 
u_p(:,:,m) = u; 
 
s1_p(:,:,m) = s1; 
s2_p(:,:,m) = s2; 
s3_p(:,:,m) = s3; 
s4_p(:,:,m) = s4; 
s5_p(:,:,m) = ones(size(s1_p(:,:,m))) - s1_p(:,:,m) -s2_p(:,:,m) -s3_p(:,:,m) - s4_p(:,:,m); 
m = m + 1; 
end 
 
end 
toc 
 
%statistics 
[X,Y] = meshgrid(x,y); 
uTs = u_p(:,:,Ts); 
MGS = -0.5 * s1_p(:,:,Ts)+ 0.5 * s2_p(:,:,Ts) + 1.5 * s3_p(:,:,Ts) + 2.5 * s4_p(:,:,Ts) + 3.5 * 
s5_p(:,:,Ts); 
One = ones(size(MGS)); 
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sorting = ((s1_p(:,:,Ts) .* (- 0.5 * One - MGS).^2) + (s2_p(:,:,Ts) .* (0.5 * One - MGS).^2) + 
(s3_p(:,:,Ts) .* (1.5 * One - MGS).^2) + (s4_p(:,:,Ts) .* (2.5 * One - MGS).^2) + (s5_p(:,:,Ts) .* 
(3.5 * One - MGS).^2)).^0.5; 
sk = ((s1_p(:,:,Ts) .* (-MGS - 0.5 * One).^3) + (s2_p(:,:,Ts) .* (-MGS + 0.5 * One).^3) + (s3_p(:,:,Ts) .* 
(-MGS + 1.5 * One).^3) + (s4_p(:,:,Ts) .* (-MGS + 2.5* One).^3) + (s5_p(:,:,Ts) .* (-MGS + 3.5* 
One).^3))./ (100 .* sorting.^3); 
kt = ((s1_p(:,:,Ts) .* (-MGS - 0.5 * One).^4) + (s2_p(:,:,Ts) .* (-MGS + 0.5 * One).^4) + (s3_p(:,:,Ts) .* 
(-MGS + 1.5 * One).^4) + (s4_p(:,:,Ts) .* (-MGS + 2.5* One).^4) + (s5_p(:,:,Ts) .* (-MGS + 3.5* 
One).^4))./ (100 .* sorting.^4); 
 
% plot DEPOSITION 
figure 
subplot(3,2,1) 
surfc(X,Y,uTs) 
title('Depositional Pattern'); 
%plot MGS 
subplot(3,2,2) 
surfc(X,Y,MGS) 
title('Hypothetical Mean grain-size'); 
%plot sorting 
subplot(3,2,3) 
surfc(X,Y,sorting) 
title('Hypothetical Sorting'); 
%plot CV 
subplot(3,2,3) 
surfc(X,Y,sorting./MGS) 
title('Hypothetical CV'); 
%plot Sk 
subplot(3,2,4) 
surfc(X,Y,sk) 
title('Hypothetical Skewness'); 
%plot Kt 
subplot(3,2,5) 
surfc(X,Y,kt) 
title('Hypothetical Kurtosis'); 
end 
 
%difference formula#1 
function gradx = gradx(u, dx) 
 
gradx = zeros (size(u)); 
 
gradx(end, :) = (u(end, :) - u(end-1, :)) ./dx; 
gradx(1, :) = (u(2,:) - u(1, :)) ./dx; 
gradx (2:end-1, :) = (u(3:end, :) - u(1:end-2, :)) ./ (2 * dx); 
end 
function grady = grady(u, dy) 
 
grady = zeros (size(u)); 
 
grady(:, end) = (u(:, end) - u(:, end-1)) ./ dy; 
grady(:, 1) = (u(:, 2) - u(:, 1)) ./dy; 
grady (:, 2:end-1) = (u(:, 3:end) - u(:, 1:end-2)) ./ (2 * dy); 
end 
%check fraction 
function s_adj = check_fraction(s) 
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s_adj = s; 
large_index = find(s > 1.0); 
small_index = find(s < 0.0); 
 
if numel (large_index) == 0, 
s_adj = s; 
 
elseif numel (small_index) == 0, 
s_adj = s; 
 
else 
for i = 1:size(large_index,2) 
s_adj(large_index(i)) = 1.0; 
end 
for j = 1:size(small_index,2) 
s_adj(small_index(j)) = 0.0; 
end 
end 
end 
function [s1n, s2n, s3n, s4n] = check_total_fraction(s1,s2,s3,s4) 
 
s1n = s1; 
s2n = s2; 
s3n = s3; 
s4n = s4; 
 
s_sum = s1 + s2 + s3 + s4; 
large_index = find(s_sum > 1.0); 
 
for i = 1:5:size(large_index,2) 
 
s1n(i) = s1(i) ./ s_sum(i); 
s2n(i) = s2(i) ./ s_sum(i); 
s3n(i) = s3(i) ./ s_sum(i); 
s4n(i) = s4(i) ./ s_sum(i); 
end 
 
end  
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Fig. 2-2. A photograph of a cuspate bar on the tidal sand flat (July 11, 2002). This photo was taken
toward northwest and the right side is the seaward.
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Fig. 2-3. A photograph of wave ripples on a cuspate bar (April 09, 2004). The right side of the photo is
seaward.
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Fig. 2-4. A photograph of a braided channel on the tidal sand flat (April 09, 2004). This photo was taken
toward northeast (seaward).
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Fig. 2-5. Sedimentary columns and facies of all core samples.
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(A) and at Point 3 after the fluvial flooding (August 1, 2011) (B).
102
AN S
braided channel
spit
spit
B
Ise Bay
B
N
S
current direction
Fig. 3-5. A. A photograph of a braid channel formed by the fluvial flooding event at July 2011. The
braided channel cuts the spit and flows into the tidal sand flat. B. Dunes in the braided channel. The left
side of the photo is seaward.
103
sandy tidal flat
cuspate bars
spit and shallower zone
salt marsh
muddy tidal flat
artificial construction
wave-incoming directions
fluvial downstream direction
sampling point
braided channel
K
ushida
R
iver
N
S
EW
Matsunase Habor
200 m
Ise Bay
Fig. 4-1. Sampling localities for the GSTA methods.
104
distance (m)
0.05
0.10
0.15
0.20
0.25
100 200 300 400
se
m
iv
ar
ia
nc
e
Mean grain-size
0.05
0.10
0.15
0.20
0.25
100 200 300 400
Median grain-size
0.002
0.006
0.010
100 200 300 400
Sorting
0.01
0.02
0.03
0.04
100 200 300 400
Coefficient of Variance
0.2
0.4
0.6
0.8
100 200 300 400
Skewness
2
4
6
8
10
12
100 200 300 400
Kurtosis
10
20
30
40
100 200 300 400
Mud contents
20
40
60
100 200 300 400
Gravel contents
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Fig. 4-3. Contour maps of the descriptive grain-size parameters interpolated by kriging over raster maps of
the estimation variance. The relatively lighter gray color in each raster map indicates a higher precision of
interpolation. The absolute values of the estimation variance are not meaningful because these values depend
on the values of the variables and the shapes of the variograms.
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Fig. 4-4. Flow diagram for the calculation of sediment-trend vectors based on the P-GSTA method
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Fig. 4-8. Typical transformation pattern of the grain-size distribution curves represented by PC1 (left)
and PC3 (right). The values of PC1 through PC3 for each sample (A-E) are shown in the scatter diagram
of Fig 4-9.
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Fig. 4-9. Scatter diagrams of PC2 and PC3 with respect to PC1. The shape of the grain-size distribution
of samples A-E is shown in Fig. 4-9.
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Fig. 4-10. Grain-size trend vectors calculated by the P-GSTA method over observational sediment-
transport patterns.
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Fig. 4-11. Grain-size trend vectors calculated by the previous GSTA method (Asselman, 1999) over
observational sediment-transport patterns.
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Fig. 5-1. A. Index map showing study area, Obitsu River Delta, Tokyo Bay, Japan. B. Geromorphology
of the microtidal sand flat along the Obitsu River Delta, and sampling locations.
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Fig. 5-2. Semivariograms and fitted variogram models of grain-size parameters and PC1 of Cluster 1
(C1-PC1). The variogram models were fitted by the least-squares method, and the model that produces
the fewest residual errors was chosen from among the Gaussian, spherical, and exponential models. The
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for Cluster 2 (C2-PC1 against C2-PC2). Grain-size distribution curves of sample A-D are represented in
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Fig. 5-9. Grain-size trend vectors calculated by the P-GSTA method employing C1-PC1 as a sediment-
transport function.
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Fig. 6-1. Simulated depositional pattern (h) (m) at every 1 years (Ts =1-10).
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Fig. 6-2. Simulated downcurrent variation of hypothetical grain-size distribution curve after 10 years (Ts =
10).
125
1.4
1.8
2.2
2.6
3.0
Mean grain-size (phi)
0 500 1000 1500 2000 (m)
Ts = 1
Ts = 2
Ts = 3
Ts = 4
Ts = 5
Ts = 6
Ts = 7
Ts = 8
Ts = 9
Ts = 10
0.8
1.0
1.2
1.4
Sorting (phi)
0 500 1000 1500 2000 (m)
0.2
0.4
0.6
0.8
1.0
CV (-)
0 500 1000 1500 2000 (m)
-0.025
-0.020
-0.015
-0.010
-0.005
0
Skewness (-)
0 500 1000 1500 2000 (m)
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
Kurtosis (-)
0 500 1000 1500 2000 (m)
Fig. 6-3. Simulated downcurrent variation of granulometric parameters (mean grain-size, sorting, CV,
skewness, and kurtosis) at every 1 year (Ts = 1-10) in the Case 1.
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Fig. 6-4. Simulated downcurrent variation of granulometric parameters (mean grain-size, sorting, CV,
skewness, and kurtosis) at every 1 year (Ts = 1-10) in the Case 2.
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Fig. 6-5. Simulated downcurrent variation of granulometric parameters (mean grain-size, sorting, CV,
skewness, and kurtosis) at every 1 year (Ts = 1-10) in the Case 3.
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Fig. 6-6. The downcurrent variation of PC1 score after 10 years (Ts = 10) in the Case 1-3.
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Fig. 6-7. Simulated 2-dimensional depositional pattern (h) (m) and sediment transport pathways after 10
years. Sediments are transported to the downdip direction. Same results were obtained in the Case 1-3.
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Fig. 6-8. Simulated 2-dimensional variation
of granulometric parameters (mean grain-
size, sorting, CV, skewness, and kurtosis)
after 10 years in the Case 1.
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Fig. 6-9. Simulated 2-dimensional variation
of granulometric parameters (mean grain-
size, sorting, CV, skewness, and kurtosis)
after 10 years in the Case 2.
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Fig. 6-10. Simulated 2-dimensional variation
of granulometric parameters (mean grain-
size, sorting, CV, skewness, and kurtosis)
after 10 years in the Case 3.
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Fig. 6-11. Grain-size trend vectors calculated by the previous GSTA and P-GSTA methods using the
simulated result in the Case 1 over contour lines of depositional pattern (h).
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Fig. 6-12. Grain-size trend vectors calculated by the previous GSTA and P-GSTA methods using the
simulated result in the Case 2 over contour lines of depositional pattern (h).
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Fig. 6-13. Grain-size trend vectors calculated by the previous GSTA and P-GSTA methods using the
simulated result in the Case 3 over contour lines of depositional pattern (h).
136
  
Table 1. Result of Principle Component Analysis (PCA) for the samples from Kushida River Delta,  
showing factor loadings and contribution values. 
              
  PC1 PC2 PC3 PC4 PC5 PC6 
Median grain-size 0.93 −0.23 −0.04 −0.14 −0.15 0.20 
CV −0.92 0.23 0.16 −0.05 0.21 0.17 
Skewness −0.57 −0.65 0.33 0.38 −0.11 0.03 
Kurtosis −0.58 −0.66 −0.02 −0.47 0.01 −0.04 
Mud logratio 0.65 0.09 0.74 −0.15 0.06 −0.04 
Gravel logratio −0.79 0.50 0.16 −0.15 −0.30 0.00 
       
contribution (%) 56.77 20.32 11.76 7.15 2.78 1.23 
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Table 2. Result of Principle Component Analysis (PCA) for the samples from Obitsu River Delta,  
showing factor loadings and contribution values. 
 
  PC1 PC2 PC3 PC4 PC5 
Median grain-size 0.75  −0.56  0.21  −0.09  −0.26  
CV −0.88  0.38  0.03  −0.06  −0.28  
Skewness 0.57  0.69  −0.12  0.43  −0.09  
Kurtosis −0.50  −0.72  0.17  0.45  0.00  
mud logratio 0.02  0.34  0.94  −0.01  0.06  
      
contribution (%) 38.27  31.19  19.47  7.97  3.10  
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Table 3. Result of Principle Component Analysis (PCA) for the Cluster 1 showing factor loadings 
and contribution values. 
 
  PC1 PC2 PC3 PC4 PC5 
Median grain-size 0.92  0.21  −0.19  −0.02  0.27  
CV −0.95  −0.14  −0.02  −0.02  0.28  
Skewness 0.18  −0.84  −0.11  0.50  0.02  
Kurtosis 0.23  −0.81  0.21  −0.50  0.01  
mud logratio −0.13  −0.11  −0.97  −0.16  −0.06  
      
contribution (%) 37.02  28.73  20.65  10.49  3.10  
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Table 4. Result of Principle Component Analysis (PCA) for the Cluster 2 showing factor loadings 
and contribution values. 
 
  PC1 PC2 PC3 PC4 PC5 
Median grain-size 0.84  −0.38  0.00  0.37  0.13  
CV −0.68  0.68  −0.09  0.17  0.19  
Skewness −0.56  −0.78  −0.11  −0.20  0.17  
Kurtosis 0.82  0.36  0.27  −0.33  0.15  
mud logratio −0.39  −0.13  0.91  0.09  0.00  
      
contribution (%) 46.01  27.11  18.39  6.36  2.12  
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Table 5. Input to simulations for the one-dimensional application. 
      
Parameter Value Unit 
K1 2.0×10
4
 m
2
yr
−1
 
K2 4.0×10
4
 m
2
yr
−1
 
K3 6.0×10
4
 m
2
yr
−1
 
K4 8.0×10
4
 m
2
yr
−1
 
K5 1.0×10
5
 m
2
yr
−1
 
A 0.08 m 
Χ 2000 m 
Δx 50 m 
T 10 yr 
Δt 0.0005 yr 
   
Case 1 
  
s1(x=0) 0.2 - 
s2(x=0) 0.2 - 
s3(x=0) 0.2 - 
s4(x=0) 0.2 - 
s5(x=0) 0.2 - 
   
Case 2 
  
s1(x=0) 0.1 - 
s2(x=0) 0.2 - 
s3(x=0) 0.4 - 
s4(x=0) 0.2 - 
s5(x=0) 0.1 - 
   
Case 3 
  
s1(x=0) 0.013  - 
s2(x=0) 0.237  - 
s3(x=0) 0.472  - 
s4(x=0) 0.240  - 
s5(x=0) 0.038  - 
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Table 6. Input to simulations for the two-dimensional application. 
      
Parameter Value Unit 
Ku1 2.0×10
4
 m
2
yr
−1
 
Ku2 4.0×10
4
 m
2
yr
−1
 
Ku3 6.0×10
4
 m
2
yr
−1
 
Ku4 8.0×10
4
 m
2
yr
−1
 
Ku5 1.0×10
5
 m
2
yr
−1
 
Kd1 5.0×10
3
 m
2
yr
−1
 
Kd2 1.0×10
4
 m
2
yr
−1
 
Kd3 2.5×10
4
 m
2
yr
−1
 
Kd4 2.0×10
4
 m
2
yr
−1
 
Kd5 2.5×10
4
 m
2
yr
−1
 
Ky1 2.0×10
4
 m
2
yr
−1
 
Ky2 4.0×10
4
 m
2
yr
−1
 
Ky3 6.0×10
4
 m
2
yr
−1
 
Ky4 8.0×10
4
 m
2
yr
−1
 
Ky5 1.0×10
5
 m
2
yr
−1
 
A 0.08 m 
Χ 2000 m 
Δx 50 m 
Y 2000 m 
Δy 50 m 
T 10 yr 
Δt 0.0005 yr 
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Table 7. Result of PCA for the one-dimensional simulation results showing factor loadings and 
contribution values. 
          
  PC1 PC2 PC3 PC4 
Case 1 
    
Mean Grain-size 0.98  −0.20  0.05  0.00  
CV −0.95  0.32  0.03  −0.01  
Skewness −0.99  −0.14  0.02  0.02  
Kurtosis 0.92  0.40  0.01  0.02  
contribution (%) 91.87  8.01  0.10  0.02  
     
Case 2 
    
Mean Grain-size 0.98  −0.20  0.01  0.02  
CV −0.91  0.36  −0.20  0.02  
Skewness −0.79  −0.56  0.27  0.01  
Kurtosis 0.10  0.97  0.23  0.00  
contribution (%) 60.37 35.46 4.15 0.02 
     
Case 3 
    
Mean Grain-size 0.99  −0.01  −0.12  0.03  
CV −0.94  0.11  0.32  0.03  
Skewness −0.68  −0.57  −0.46  0.01  
Kurtosis −0.30  0.89  −0.33  0.00  
contribution (%) 60.80  28.26  10.90  0.04  
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Table 8. Result of PCA for the two-dimensional simulation results showing factor loadings and 
contribution values. 
          
  PC1 PC2 PC3 PC4 
Case 1 
    
Mean Grain-size 0.99  0.12  0.01  0.04  
CV −0.97  −0.11  0.19  0.02  
Skewness −0.97  −0.05  −0.22  0.02  
Kurtosis 0.95  −0.30  −0.03  0.00  
contribution (%) 94.81  3.03  2.11  0.06  
     
Case 2 
    
Mean Grain-size 0.97  −0.17  0.19  0.04  
CV −0.94  −0.20  −0.26  0.03  
Skewness −0.67  0.63  0.38  0.01  
Kurtosis 0.50  0.80  −0.33  0.01  
contribution (%) 63.31  27.76  8.86  0.06  
     
Case 3 
    
Mean Grain-size 0.98  −0.01  −0.15  0.13  
CV −0.89  −0.38  0.22  0.11  
Skewness −0.86  0.29  −0.42  0.03  
Kurtosis −0.08  0.97  0.21  0.03  
contribution (%) 62.54  29.41  7.31  0.74  
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